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1.  INTRODUCTION 


Of  critical  importance  to  the  eventual  performance  of  numerous  coherent  optical 
image  processors  and  highly  parallel  computers  is  the  development  of  a  high  speed, 
recyclable,  linear,  high  resolution,  selectively  erasable  image  storage  transducer  operable 
in  nearly  real  time.  Applications  for  such  a  transducer  abound,  including  incoherent-to- 
coherent  conversion,  pattern  recognition  and  image  feature  extraction,  level  slicing,  edge 
enhancement  low  light  level  image  integration,  scratch  pad  memory,  and  page 
composition  for  data  entry  in  holographic  memory  systems.  In  response  to  this  need,  a 
wide  variety  of  candidate  devices  have  been  proposed  in  the  past  ten  years,  based  on 
photochromic.  liquid  crystal,  photorefractive,  magnetooptic,  electrooptic,  deformable 
membrane,  thermoplastic,  photodichroic,  and  ambidextrous  effects  in  numerous 
configurations .  (see,  for  example,  [1]  and  [2]).  The  device  category  comprised  of 
Electrooptic  Spatial  Light  Modulators  contains  a  number  of  leading  candidates,  due  to  a 
combination  of  wide  dynamic  range,  high  sensitivity,  intermediate  storage  time,  relative 
simplicity  of  construction  and  operation,  and  long  term  durability.  This  category  includes 
the  Pockels  Readout  Optical  Modulator  or  PROm'Is.  41  a  Soviet  modification  of  the  PROM 
called  the  PRIZ  (5,  61  the  MicroChannel  Spatial  Light  Modulator  (MSLM)  [7,  811  the  TITUS 
(e"-beam  DKDP)  [9,  10}  -  and  photo-TITUS  (Se-DKDP)  [101'  and  the  Photorefractive 

Incoherent-to-Coherent  Optical  Converter,  [1 1,  12,  131 

/  ... _ 

The  PROM  is  a  two-dimensional  spatial  light  modulator  and  image  storage  device 
comprised  of  a  thin  electrooptic  crystal  sandwiched  between  transparent  insulating  layers 
and  transparent  conducting  electrodes.  In  operation,  an  input-image  intensity  distribution 
creates  electron-hole  pairs  near  one  electrooptic  crystal  Insulating  layer  interface  which 
separate  under  the  influence  of  an  applied  field.  This  charge  separation  results  in  a 
redistribution  of  voltage  between  the  electrooptic  crystal  and  insulating  layers.  A  two- 
dimensional  electric  field  replica  of  the  input  intensity  distribution  is  thus  created  which 
can  be  read  out  utilizing  polarized  light  (of  wavelength  beyond  the  photoconductivity 
edge  for  nondestructive  readout)  via  the  linear  electrooptic  effect.  Both  transmissive  and 
reflective  readout  schemes  are  possible,  as  are  both  amplitude  and  phase  modulation. 

The  PROM  relies  for  its  successful  operation  on  the  rather  unique  combination  of 
properties  required  of  the  active  electrooptic  material.  These  properties  include 
photoconductivity  with  high  quantum  efficiency,  optical  transparency  in  the  visible 
spectrum,  a  large  dielectric  constant  very  high  resistivity,  and  a  sizeable  electrooptic 


effect.  In  addition,  the  usual  materials  constraints  must  be  satisfied,  including  ease  of 
growth,  control  of  crystal  perfection,  and  reproducibility  of  critical  characteristics.  At  the 
present  time,  bismuth  silicon  oxide  (Bi12SiO20)  is  the  material  of  choice  for  the  PROM  on 
the  basis  of  the  above  requirements. 

Bismuth  silicon  oxide  (BSO)  is  a  cubic  (space  group  123),  photoconductive, 
electrooptic,  semi-insulating  material  that  has  found  applications  in  a  number  of 
technologically  important  devices.  In  addition  to  its  unique  qualifications  for  use  in  the 
Pockets  Readout  Optical  Modulator  and  the  PRIZ  (a  Soviet  version  of  the  PROM  utilizing 
crystallographic  orientations  of  BSO  other  than  <001  >).  BSO  has  been  reported  as  having 
among  the  highest  known  photorefractive  sensitivities  for  read-write  volume  holographic 
storage  with  associated  high-quality  image  reconstruction  [14,  15].  Real  time  double 
exposure  interferometry  with  BSO  crystals  utilized  in  a  transverse  electrooptic 
configuration  has  been  achieved,  offering  new  flexibility  to  nondestructive  test  procedures 
[161.  Furthermore,  Bi12SiO20  belongs  to  a  family  of  isomorphic  compounds  that  may  find 
wide  application  in  integrated  optics  [171  The  importance  of  bismuth  silicon  oxide  to 
these  optical  device  applications  is  supplemented  by  equally  intriguing  acoustic 
propagation  characteristics,  which  have  guaranteed  its  usefulness  in  various  surface 
acoustic  wave  (SAW)  device  configurations  [181 

Major  features  of  the  operational  physics  of  the  PROM  that  determine  its  suitability 
for  specific  applications  in  optical  processing  include  resolution,  sensitivity,  charge 
transport,  and  operational  modes  (including  prime,  superprime,  and  erasure).  All  four  of 
these  important  characteristics  can  be  shown  to  be  fundamentally  interrelated  and 
dependent  on  the  device  material  and  constitutive  properties  (including,  for  example,  the 
thickness  and  dielectric  constants  of  the  dielectric  blocking  layers),  as  well  as  on  the 
charge  dynamics  of  the  bismuth  silicon  oxide  layer  during  exposure  to  writing 
illumination.  Previous  treatments  of  electrooptic  spatial  light  modulator  resolution 
(through  calculations  of  the  ideal  electrostatic  modulation  transfer  function)  [19,  20] 
neglected  important  space  charge  redistribution  effects,  and  hence  could  not  be 
compared  directly  with  experiment.  The  one  dimensional  charge  transfer  model  of 
Sprague  [21]  was  advanced  to  predict  the  wavelength  dependence  of  the  exposure 
sensitivity,  but  has  been  shown  to  contain  several  errors.  Under  the  ARO-funded 
research  program,  a  comprehensive  model  of  the  sensitivity  and  resolution  of  electrooptic 
spatial  light  modulators  has  been  developed  which  resolves  many  of  these  previous 


shortcomings,  as  described  in  detail  in  Section  3.  In  particular,  the  model  allows 
examination  of  the  mechanism  involved  in  the  resolution-enhancing  “superprime*  mode  of 
operation  [221 

A  novel  electrooptic  configuration  has  been  proposed  for  PROM-like  devices  that 
utilizes  only  transverse  electric  field  components  instead  of  the  usual  use  of  longitudinal 
field  components  in  the  traditional  PROM  structure  [5,  61  Such  “PRIZ*  (a  Soviet  acronym 
for  *image  transducer*)  structures  were  reported  to  exhibit  enhanced  resolution  and 
sensitivity,  as  well  as  orientational  selectivity,  dc  suppression,  and  (in  a  modified  PRIZ 
device)  dynamic  change  detection  (sensitivity  only  to  the  component  in  the  image  that 
changes  with  time  at  greater  than  a  threshold  rate)  [23,  24,  25,  26].  The  sensitivity  and 
resolution  characteristics  of  the  PRIZ-type  devices  have  been  modeled,  and  compared 
with  corresponding  PROM  characteristics  [27,  28,  29,  30,  31,  32],  This  comparison 
revealed  a  strong  dependence  on  device  operating  mode,  input  wavelength,  applied  bias, 
and  integrity  of  the  dielectric  blocking  layers  [31,  321  Further,  significant  signal- 
dependent  phase  modulation  was  discovered  for  the  PRIZ  geometries  that  does  not  occur 
in  the  PROM  [281  These  considerations  led  to  the  discovery  of  a  modified  PRIZ 
configuration  that  promises  to  circumvent  a  number  of  PROM  and  PRIZ  shortcomings  [331 
Details  of  this  new  device  are  provided  in  Section  3. 

The  MicroChannel  Spatial  Light  Modulator  [7,  8]  has  been  developed  by  Prof. 
Cardinal  Warde  at  the  Massachusetts  Institute  of  Technology.  Fundamentally,  it  is  an 
image-intensified  version  of  the  TITUS  [9,  10]  device,  in  which  an  electron  beam  is 
utilized  to  deposit  spatially-modulated  charge  on  the  surface  of  an  electrooptic  crystal. 
The  charge  pattern  is  sensed  by  means  of  the  longitudinal  or  transverse  electrooptic 
effect  in  direct  analogy  to  the  readout  method  employed  for  the  PROM  and  PRIZ.  In  the 
MSLM  configuration,  gain  is  provided  by  a  microchannel  plate,  which  both  accelerates  and 
multiplies  electrons  emitted  from  a  photocathode  to  result  in  enhanced  charge  deposition 
per  incident  photon.  Adjustment  of  the  gap  potential  between  the  microchannel  plate  and 
the  crystal  surface  allows  for  both  positive  and  negative  writing  modes,  and  for  numerous 
optical  processing  and  optical  logic  functions  [341  Results  of  a  collaborative  effort  to 
further  understand  and  improve  MSLM  device  performance  are  described  in  the  Research 
Program  Summary. 

Another  exceedingly  interesting  electrooptic  spatial  light  modulator  is  the 
Photorefractive  Incoherent-to-Coherent  Optical  Converter  [10,  11,  121  This  novel  device 


is  based  on  volume  holographic  storage  in  photorefractive  materials  such  as  bismuth 
silicon  oxide.  In  operation,  an  incoherently-illuminated  image  plane  is  used  to  selectively 
erase  a  uniform  volume  phase  grating  in  the  BSO  crystal,  resulting  in  a  two-dimensional 
incoherent-to-coherent  conversion.  Although  the  write,  read,  and  erase  functions  are 
conceptually  distinct  from  those  characterizing  the  PROM,  many  similarities  in  device 
physics  exist  such  that  contributions  to  understanding  in  one  case  lead  naturally  to  useful 
implications  in  the  other. 

Prospective  Department  of  Defense  applications  for  this  array  of  real  time  image 
storage  devices  are  numerous.  The  PROM.  PRIZ.  MSLM,  and/or  the  PICOC  devices  are 
expected  to  be  particularly  useful  in  pattern  recognition  (friend/foe  identification,  smart 
tracking  systems,  geodetic  and  terrestrial  agricultural  surveys,  celestial  navigation 
systems),  feature  enhancement  and  feature  extraction,  data  compression  prior  to 
bandwidth-limited  transmission,  and  optical  computing  (high  speed  algorithms  for  two- 
dimensional  calculations).  In  addition,  the  real  time  formation  of  synthetic  aperture  radar 
images  has  recently  been  demonstrated  utilizing  an  electrooptic  spatial  light  modulator 
[35L  which  provides  exceptional  weight  power,  size,  and  cost  advantages  over 
competitive  all-electronic  approaches.  Photorefractive  devices  exhibit  tremendous 
promise  for  real  time  holographic  nondestructive  testing  [361  and  for  the  implementation 
of  certain  classes  of  nonlinear  functions  [37]  on  two-dimensional  images  for  use  in 
feature  identification  and  topographic  analysis.  Furthermore,  they  are  envisioned  as 
potential  solutions  to  the  problem  of  dynamically  programmable  optical  interconnections 
for  VLSI  and  wafer-scale  integrated  circuits  [38,  39]. 
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2.  STATEMENT  OF  TECHNICAL  OBJECTIVES 

The  primary  objective  of  this  research  program  was  to  develop  methods  of 
enhancing  the  sensitivity  and  resolution  of  Electrooptic  Spatial  Light  Modulators  such  as 
the  Pockels  Readout  Optical  Modulator  (PROM)  [3,  4]  and  the  PRIZ  [5.  6].  The  initial 
approach  was  to  explore  the  utilization  of  sputter-deposited  inorganic  refractory  oxide 
coatings  of  high  dielectric  constant  high  dielectric  breakdown  strength,  and  high 
resistivity  as  dielectric  blocking  layers  in  the  various  devices.  The  potential  advantage  of 
such  coatings  is  significantly  enhanced  device  resolution  as  the  dielectric  constant  is 
increased  toward  that  of  the  active  electrooptic  crystal  layer  (e(BSO)  »  56  e0),  and  as  the 
layer  thickness  is  reduced  (while  maintaining  high  voltage  standoff  capability). 

In  parallel  with  the  approach  focused  on  dielectric  blocking  layer  modification,  a 
theoretical  and  experimental  effort  to  determine  the  contribution  of  volume  space  charge 
redistribution  effects  to  the  sensitivity  and  resolution  of  Electrooptic  Spatial  Light 
Modulators  was  undertaken.  It  was  discovered  early  on  that  the  effects  of  charge 
redistribution  were  quite  striking,  and  the  research  program  was  subsequently  reoriented 
to  focus  primarily  on  device  physical  understanding  that  could  be  utilized  to  optimize  the 
design  and  operation  of  available  devices. 

The  principal  results  of  these  investigations  are  summarized  in  the  following 
Section. 
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3.  SUMMARY  OF  RESEARCH  PROGRAM 

As  described  in  Section  2  (above),  the  completed  research  program  was 
characterized  by  two  principal  efforts  undertaken  in  order  to  improve  the  resolution  and 
sensitivity  of  Electrooptic  Spatial  Light  Modulators.  The  principal  results  are  summarized 
in  separate  sections  below,  comprising  Section  3.1,  ’Dielectric  and  Optical  Properties  of 
Sputtered  Thin  Films'  and  Section  3.2,  'Fundamental  Properties  of  Electrooptic  Spatial 
Light  Modulators'. 

3.1  DIELECTRIC  AND  OPTICAL  PROPERTIES  OF  SPUTTERED  THIN  FILMS 

The  initial  approach  to  the  objective  of  improving  the  resolution  and/or  sensitivity 
of  Electrooptic  Spatial  Light  Modulators  involved  replacing  the  traditional  dielectric 
blocking  layers  of  the  PROM  (vapor  deposited  parylene,  poly-chloro-para-xylylene)  with 
inorganic  sputter-deposited  layers.  The  goal  was  to  obtain  new  blocking  layer  coatings 
characterized  by  enhanced  dielectric  constants  (of  order  50),  enhanced  dielectric 
breakdown  strength  (to  allow  reduction  in  the  layer  thickness),  and  high  volume 
resistivity.  These  coatings  would  provide  several  additional  benefits  as  well.  First,  they 
would  likely  exhibit  reduced  scattering  relative  to  parylene  (with  a  concomitant 
enhancement  in  the  Fourier  plane  signal-to-noise  ratio).  Second,  they  should  exhibit 
improved  resistance  to  humidity-induced  dielectric  breakdown  (a  notorious  difficulty  with 
organic  coatings).  Finally,  the  inorganic  coatings  should  be  stable  under  UV  irradiation, 
and  hence  be  free  from  the  photodecomposition  effects  observed  with  parylene  coatings. 

This  portion  of  the  research  program  was  undertaken  in  collaboration  with  a 
separately  funded  program  at  Itek  Corporation,  Lexington,  Massachusetts  (Sputter 
Deposition  of  Dielectric  Thin  Films,  DAAG29-77-C-0027;  Dr.  Ralph  E.  Aldrich,  Principal 
Investigator;  Final  Report:  February,  1980).  The  collaboration  was  to  consist  of  initial 
development  of  novel  coatings  at  Itek,  followed  by  extensive  deposition  parametrization 
and  thin  film  characterization  at  USC.  Due  to  the  fact  that  the  Itek  effort  was 
discontinued  within  a  few  months  of  the  onset  of  the  USC  program,  the  desired 
substantive  collaboration  was  not  feasible.  Nonetheless,  members  of  Itek  Optical  Systems 
Division  (notably  the  principal  investigator.  Dr.  Ralph  E.  Aldrich)  provided  us  with  an 
excellent  starting  base,  and  continued  to  interact  with  our  program  in  a  significant  way 
throughout  the  course  of  the  research  effort. 

The  first  major  effort  undertaken  was  the  choice  of  deposition  technology,  and 


construction  of  an  appropriate  deposition  facility-  As  outlined  in  detail  in  the  original 
grant  proposal,  RF  magnetron  sputtering  was  initially  chosen  as  a  technique  offering 
significant  advantages  for  the  deposition  of  inorganic  refractory  oxide  coatings  such  as 
Si02,  TiOz,  Hf02,  Ta205,  Zr02,  and  others.  These  advantages  include  high  deposition  rates, 
separation  of  target  from  substrate,  independent  control  of  reactive  ambient,  and  the 
relative  elimination  of  fractionation  characteristic  of  traditional  electron  beam  and 
resistance  heating  techniques. 

Although  a  system  design  was  completed  for  an  RF/DC  multi-gun  sputtering  system 
in  the  first  few  months  of  the  grant  period,  fabrication  difficulties  and  parts  shortages 
caused  the  contractor  (Sloan  Technology,  Santa  Barbara)  to  delay  system  delivery  until 
the  end  of  the  second  grant  year.  As  a  result,  progress  on  this  program  aspect  was 
delimited  relative  to  the  initial  plan,  which  led  to  a  substantial  program  redirection  (as 
described  more  fully  in  Section  3.2  below). 

The  assembled  system  is  shown  schematically  in  Fig.  1.  An  all-cryogenic  vacuum 
station  was  assembled  to  allow  for  the  maintenance  of  high  vacuum  conditions  in  an 
organic-free  environment.  This  consisted  of  a  three  stage  cryosorb  forepump  manifold 
and  a  CTI-Cryogenics  CTI-8  Cryopump.  A  UTI  Mass  Spectrometer  with  differential 
turbomolecular  pump  is  used  with  variable  orifices  to  allow  precise  determination  of 
constituent  ambient  gases  during  pumpdown  and  also  during  deposition.  An 
argon/oxygen  ratiometer/controller  is  being  added  to  allow  accurate  control  of  the 
reactive  gas  mixture  during  the  deposition  process.  The  sputter-deposition  sources 
include  two  Sloan  S-310  Sputterguns  (cylindrical  magnetrons  that  employ  3”  diameter 
hot-pressed  targets)  and  an  LM.  Simard  PLASMAX  Triode  Sputtergun  (a  planar  triode  for 
1*  diameter  single  crystal  targets).  A  3  kW  RF  supply  and  a  2  kW  DC  supply  provide 
either  RF  (for  dielectrics)  or  DC  (for  metals)  power  to  the  plasma  of  the  S-310  guns 
through  integrated  matching  network.  A  500  W  RF  supply  and  matching  network  supplies 
power  to  the  substrate  planetary  fixture  to  allow  for  pre-deposition  substrate  cleaning 
and  bias  sputtering  with  independent  plasms  control  during  deposition.  Control 
electronics  and  an  RF  matching  network  for  the  PLASMAX  sputtergun  allow  independent 
control  of  the  DC  plasma  current  drawn  between  an  anode  and  cathode,  and  of  the 
fraction  impinging  on  the  target. 

Initial  system  calibration  runs  were  performed  with  Al  targets  in  the  S-310  guns, 
resulting  in  extremely  durable  and  adherent  coatings  that  could  be  used  for  determination 
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of  the  dependence  of  film  thickness  on  source-substrate  separation,  and  radial  profiles 
(both  stationary  and  under  full  planetary  motion).  It  should  be  noted  that  the  planetary 
system  is  unique  in  its  capability  for  digital  control  (using  an  optical  shaft  encoder)  of 
independent  planet/sun  rotation  rates,  fixed  planetary  positions,  and  shutter  position.  This 
allows  for  substantial  flexibility  in  deposition  mode  selection,  allowing  for  multilayer 
sequential  thin  film  depositions  on  a  single  planet,  or  highly  uniform  deposition  on  a  large 
number  of  substrates  under  full  planetary  motion. 

Subsequent  to  the  calibration  runs,  film  coatings  of  both  indium  tin  oxide  (for 
transparent  conductive  coatings)  and  silicon  dioxide  (for  transparent  dielectric  blocking 
layers)  were  deposited  from  the  cylindrical  magnetrons.  The  ITO  coatings  were  of  very 
high  quality,  provided  02  was  bled  into  the  system  at  base  pressures  of  approximately 
10~4  -  10~3  Torr  to  mix  with  the  Ar  ambient.  These  films  were  utilized  as  transparent 
counterelectrodes  on  a  wide  range  of  PROM  and  PRIZ  devices.  The  silicon  dioxide 
coatings  obtained  from  hot-pressed  cylindrical  targets  (supplied  by  Sloan  Technology) 
were  of  disappointing  quality,  exhibiting  significant  current  leakage  and  field-bias  effects 
(likely  due  to  incorporated  Na  ions).  However,  silicon  dioxide  coatings  deposited  from 
ultra  high  purity  quartz  (semiconductor-grade  furnace  tubing)  were  of  considerable 
interest  particularly  when  deposited  under  conditions  of  reverse  bias  sputtering.  Under 
such  conditions,  significant  improvements  in  both  film  resistivity  and  film  density  (as 
determined  ellipsometrically  in  comparison  of  the  index  of  refraction  with  bulk  values) 
were  observed.  These  results  are  preliminary  in  nature,  and  are  under  continuing 
investigation  with  support  from  other  sources. 

Characterization  of  as-deposited  thin  films  is  complicated  and,  at  times,  frustrating. 
In  order  to  gain  maximum  information  from  each  sputtered  coating,  we  designed  and 
constructed  a  computer-controlled  spectroscopic  ellipsometer  in  collaboration  with  Prof. 
Anupam  Madhukar  (USC  Department  of  Materials  Science),  as  described  in  detail  in 
succeeding  paragraphs.  Wavelength-dispersive  ellipsometry  is  capable  of  providing 
macroscopic  (index  dispersion,  absorption  coefficient  dispersion,  film  thickness,  real  and 
imaginary  dielectric  functions,  etc.)  as  well  as  microscopic  (grain-size,  thickness 
inhomogeneity,  etc.)  information  about  deposited  optical  coatings.  Such  information  is 
vital  to  the  development  of  optimized  coating  procedures  for  multi-parameter  deposition 
techniques. 

The  spectroscopic  ellipsometer  facility  comprises  a  laboratory  containing  an  optical 
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table;  the  ellipsometer  optics  and  electronics;  an  array-processor  based  computer  for  real 
time  on-line  data  analysis,  reduction,  and  interpretation;  several  terminals  with  associated 
high  resolution  monitors  for  data  entry,  experimental  control  and  theoretical  modeling 
studies;  and  a  sample  preparation  area.  The  ellipsometer  has  been  designed  initially  with 
several  goals  in  mind,  following  the  pioneering  and  detailed  investigations  of  Aspnes  [50]: 
broad  wavelength  region  of  data  collection  capability,  high  speed  data  collection  and 
essentially  real  time  data  reduction  and  analysis,  and  associated  interactive  theoretical 
modeling  and  fitting.  To  this  end,  the  initial  design  parameters  for  the  ellipsometric 
system  have  included:  a  wavelength  range  of  8000  to  2000  A  (1.6  eV  to  6.2  eV)  in  a 
maximum  of  600  steps  of  2  A  each,  automatic  integration  of  ellipsometric  amplitude  and 
phase  measurement  cycles  for  improved  signal  to  noise  ratio,  real  time  Fast  Fourier 
Transforms  of  the  measured  ac  signal  for  rapid  data  accumulation  and  manipulation,  and 
optimized  overall  accuracy  in  measurement  of  the  dielectric  function  to  1  part  in  103  with 
a  relative  precision  of  1  part  in  10s. 

The  optical  design  is  best  described  with  reference  to  Fig.  2.  A  Xenon  arc  lamp 
(150  W  with  F/1  UV  grade  collimating  optics)  acts  as  the  light  source,  and  is  incident  on 
the  mounted  sample  at  an  incidence  angle  of  70°  after  passage  through  appropriate 
filters  (to  eliminate  unwanted  infrared  irradiation  on  the  polarizer  and  sample)  and  a 
synchronously  rotating  Rochon  prism  polarizer.  An  aperture  is  employed  to  separate  the 
ordinary  ray  from  the  unwanted  extraordinary  ray.  The  reflected  beam  is  passed  through 
a  programmable  angle  Rochon  prism  analyzer,  and  is  subsequently  focused  onto  the 
entrance  slit  of  a  double  pass  monochromator  with  holographically  ruled  gratings.  The 
signal  beam  emergent  from  the  monochromator  is  detected  with  a  high  quantum 
efficiency  photomultiplier,  the  output  of  which  is  current-to-voltage  converted,  digitized, 
and  entered  in  the  computer.  The  PMT  power  supply  has  provision  for  digital  input  so 
that  the  gain  can  be  controlled  to  keep  the  PMT  in  its  most  linear  regime  regardless  of 
the  wavelength  variation  in  light  intensity  from  the  source  and  variations  in  sample 
reflectance/absorbance.  The  rotating  polarizer  is  optically  shaft  encoded  to  allow 
digitization  of  its  rotation  angle  (in  256  increments)  and  consequent  absolute  phasing.  A 
programmable  shutter  has  been  incorporated  to  provide  automatic  baseline  compensation 
(dark  current  normalization)  at  each  wavelength  step,  if  desired.  The  sample  is  mounted 
on  a  flexible  six  degree  of  freedom  sample  holder  that  allows  high  orientational  precision 
in  alignment  of  the  optical  train. 
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Control  of  the  apparatus,  data  collection,  data  reduction  and  error  analysis,  and 
theoretical  modeling  are  implemented  by  means  of  an  LSI  11/23  mainframe  with 
associated  array  processor,  disk  drive,  input/output  terminals,  high  resolution 
plotter/monitors,  and  a  line  printer/point  plotter.  The  array  processor  allows  a  256  point 
discrete  Fourier  transform  to  be  performed  in  50  msec.,  following  data  collection  and 
signal  averaging  at  each  wavelength. 


Primary  system  extensions  planned  for  the  near  future  include  capability  for  dry  box 
(inert  gas)  sample  handling  and  continuous  inert  gas  overflow  during  measurement,  an 
ultra-high  vacuum  system  for  research  requiring  atomically  clean  surfaces  (in  materials 
systems  where  adatom  reactions  are  likely  to  distort  the  measurements),  associated  mass 
spectrometric  residual  gas  analysis  capability,  provision  for  glow  discharge  cleaning  of 
surfaces  in  situ  prior  to  measurement,  and  extension  of  the  wavelength  region  of  system 
capability  to  the  near  infrared  (1.6  eV  to  0.5  eV). 

At  the  present  time,  the  ellipsometer  is  fully  operational,  and  calibration  runs  are  in 
progress.  The  potent  combination  of  sputter  deposition  facilities  and  a  wavelength- 
dispersive  ellipsometer  developed  under  this  research  program  will  provide  extensive  thin 
film  deposition  and  analysis  capabilities  for  a  wide  range  of  applications  in  optical 
devices.  Research  in  these  areas  is  continuing  under  separate  funding. 

3.2  FUNDAMENTAL  PROPERTIES  OF  ELECTROOPTIC  SPATIAL  UGHT  MODULATORS 

During  the  course  of  the  research  effort  on  sputter-deposited  coatings,  it  was 
discovered  that  volume  space  charge  effects  within  the  active  electrooptic  crystal  layer  of 
ESLMs  such  as  the  PROM  could  have  a  demonstrably  large  impact  on  the  resultant 
resolution  and  sensitivity  of  the  devices.  With  the  encouragement  of  our  ARO  technical 
monitor.  Dr.  Issai  Lefkowitz,  we  redirected  a  substantial  portion  of  the  research  effort 
toward  the  investigation  of  this  dependence.  This  redirection  resulted  in  a  wide  range  of 
theoretical  and  experimental  discoveries,  as  described  in  succeeding  paragraphs. 
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The  theoretical  and  experimental  investigation  of  the  factors  affecting  resolution  and 
charge  transfer  dynamics  in  electrooptic  spatial  light  modulators  such  as  the  Pockels 
Readout  Optical  Modulator  (PROM)  (3,  41  the  PRIZ  [5,  61  the  MicroChannel  Spatial  Light 
Modulator  (MSLM)  [7,  8L  and  the  photo-DKDP  [10]  and  electron-beam-DKDP  [9,  10]  image 
storage  devices  is  now  nearly  complete.  The  theoretical  approach  to  the  resolution 
problem  initially  involved  deriving  the  electrostatic  field  distribution  from  •  a  fixed 
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distribution  of  point  charges  located  at  the  interface  between  two  dissimilar  dielectrics 
bounded  by  ground  planes.  The  electric  field  modulation  resulting  from  a  longitudinal 
^  distribution  of  charges  of  given  transverse  spatial  frequency  can  be  directly  related  to  the 

exposure-dependent  modulation  transfer  function  of  the  device.  We  have  obtained  an 
analytic  expression  for  the  Fourier  transform  of  the  voltage  distribution  from  a  single 
point  charge  (which  is  also  directly  related  to  the  modulation  transfer  function)  for  the  full 

O 

three  layer  dielectric  problem,  and  have  extended  the  theory  to  include  the  dependence  of 
the  voltage  distribution  on  the  point  charge  location  within  the  electrooptic  crystal.  The 
resultant  analytic  expression  contains  the  dielectric  constants  of  the  blocking  layers  and 
£  electrooptic  crystal,  and  the  thicknesses  of  the  three  layers,  as  well  as  the  location  of  the 

point  charge.  This  formulation  allows  the  effects  of  charge  trapping  within  the  bulk  of 
the  electrooptic  crystal  to  be  modeled.  In  particular,  the  low  spatial  frequency  response 
decreases  linearly,  and  the  high  spatial  frequency  response  decreases  exponentially  with 
(  the  distance  of  the  point  charge  from  the  electrooptic  crystal/dielectric  blocking  layer 

interface.  Thus  the  overall  sensitivity  and  resolution  are  degraded  strongly  by  charge 
storage  in  the  bulk  away  from  the  interface. 


Utilizing  superposition,  this  formulation  has  been  further  extended  to  accommodate 
arbitrary  charge  distributions  of  significant  physical  interest.  In  particular,  an  iterative 
exposure-induced  charge  transfer  and  trapping  model  has  been  formulated  to  calculate 
the  charge  distribution  throughout  the  electrooptic  crystal  layer  resulting  from  optical 
exposure  at  various  wavelengths.  The  charge  distributions  so  obtained  have  been  utilized 
to  calculate  the  dependence  of  the  device  modulation  transfer  function  on  exposure  level, 
exposure  wavelength,  device  operational  mode,  mobility-lifetime  product,  and  device 
configurational  and  constitutive  parameters.  The  results  indicate  that  very  large  variations 
in  both  sensitivity  and  resolution  can  result  from  differences  in  these  parameters.  For 
example,  a  substantial  improvement  in  the  resolution  is  achieved  as  the  writing 
wavelength  approaches  the  band  gap  of  the  electrooptic  crystal.  Such  improvements  are 
quite  striking  in  experimental  device  resolution  tests.  In  addition,  it  has  been  shown  that 
in  the  limit  of  high  spatial  frequencies,  the  modulation  transfer  function  decreases  as  the 
inverse  square  of  the  spatial  frequency  regardless  of  the  particular  shape  of  the  charge 
distribution.  The  shape  of  the  charge  distribution  does,  however,  influence  both  the 
device  exposure  sensitivity  and  the  spatial  frequency  above  which  the  modulation  transfer 
function  asymptotically  approaches  the  inverse  square  dependence  on  spatial  frequency. 
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Application  of  these  results  has  been  made  to  a  wide  variety  of  PROM  device 
design  cases  (including  both  symmetric  and  asymmetric  devices)  and  specialized 
exposure  conditions  (particularly  x-ray  [40]  and  electron-beam  [41]  sources),  as  well  as  to 
other  types  of  electrooptic  spatial  light  modulators  such  as  the  MSLM  and  photo-DKDP 
devices.  Furthermore,  the  theoretical  formulation  allows  investigation  of  possible 
voltage-modulated  recording  techniques  for  resolution  enhancement  (such  as  the 
'superprime  mode*  [3]),  and  of  flash  erasure  sensitivity  and  completeness.  These  results 
have  numerous  implications  with  regard  to  improving  electrooptic  spatial  light  modulator 
device  resolution  [ARO  Pubs.  1,  2,  3,  4,  5,  6,  10,  11,  12,  13,  14,  16,  17]. 

PROM-like  structures  have  been  investigated  [5,  6;  ARO  Pubs.  3,  4,  5,  6,  12.  13,  14] 
that  were  reported  to  exhibit  significantly  enhanced  resolution  and  sensitivity  relative  to 
traditional  PROM  structures.  Such  devices  are  fabricated  from  bismuth  silicon  oxide 
crystals  oriented  along  <111>  and  <110>  axes,  as  opposed  to  the  usual  <001  > 
orientation.  In  these  orientations,  the  longitudinal  electrooptic  effect  does  not  contribute 
to  the  resultant  image  amplitude  (as  in  the  traditional  <001>  orientation).  Instead,  these 
novel  configurations  utilize  the  transverse  electrooptic  effect  deriving  from  transverse 
fields  within  the  bulk  of  the  electrooptic  crystal,  induced  by  spatially  varying  components 
of  the  input  image  distribution.  Since  the  electrooptic  effect  is  antisymmetric  under 
reversal  of  the  electric  field  direction,  transverse  field  contributions  to  the  image  are 
characterized  by  an  antisymmetric  point  spread  function.  This  implies  that  the  device 
modulation  transfer  function  will  exhibit  a  bandpass  character  with  no  response  at  zero 
spatial  frequency.  This  characteristic  is  useful  in  some  optical  processing  applications 
requiring  dc  suppression.  In  addition,  since  field  components  in  orthogonal  transverse 
directions  couple  to  different  elements  of  the  electrooptic  tensor,  the  mod  jlation  transfer 
function  will  be  sensitive  in  general  to  both  the  orientation  of  each  spatial  frequency 
component  of  the  image  (grating  wavevector  dependence)  and  to  the  polarization  of  the 
readout  illumination.  This  orientation  dependence  is  described  in  detail  in  ARO  Pubs.  4,  5, 
and  6.  Utilization  of  this  effect  allows  for  both  one-dimensional  and  two-dimensional 
image  reconstruction  through  appropriate  choice  of  readout  polarization. 

We  have  modified  our  solution  of  the  three  layer  dielectric  problem  to  allow 
calculation  of  the  integrated  transverse  potential  drop  (the  integration  is  performed  in  the 
longitudinal  or  charge  motion  direction)  for  both  point  charge  cases  and  continuous 
charge  distributions.  These  calculations  allow  us  to  analyze  potential  PRIZ  as  well  as 


PROM  device  performance.  The  results  include  the  dependence  of  the  modulation 
transfer  function  on  device  constitutive  parameters,  crystallographic  orientation,  and 
dielectric  anisotropy  in  the  electrooptic  crystal  layer  [ARO  Pubs.  3,  4,  5,  6,  11,  12,  13,  14]. 
Numerous  <111  >  and  <110>  oriented  devices  have  been  fabricated  in  our  laboratory 
with  vapor-deposited  parylene  blocking  layers  and  RF  magnetron  sputtered  indium  tin 
oxide  transparent  conductive  electrodes.  Primary  characterization  measurements  have 
included  diffraction  efficiency  as  a  function  of  spatial  frequency,  which  can  easily  be 
related  to  the  modulation  transfer  function  of  the  device.  Experiments  to  date  confirm  all 
of  the  esssntial  model  predictions. 

During  the  measurement  program  described  above,  we  have  established  a  number 
of  new  observations  about  transverse  field  effect  PROMs.  First  and  foremost,  the 
operational  mode  (direction  of  externally  applied  field  during  the  writing  sequence)  utilized 
is  critically  important  to  the  optimization  of  device  characteristics.  In  this  respect,  the 
<001>  PROMs  and  <111>  PRIZs  show  essentially  opposite  behavior  due  to  significant 
differences  in  response  to  similarly  placed  volume  charge  distributions  [ARO  Pub.  3]. 
Hence  the  operational  mode  that  optimizes  <001  >  PROM  performance  is  opposite  from 
the  operational  mode  that  optimizes  <111>  PRIZ  performance.  Second,  charge 
conservation  within  the  photoconductive/electrooptic  crystal  layer  in  general  enhances 
<001  >  PROM  sensitivity,  while  diminishing  <111>  PRIZ  sensitivity.  Leaky  parylene 
layers  increase  <111>  PRIZ  diffraction  efficiency  at  the  expense  of  device  storage  time. 
Numerous  phase  effects  have  been  theoretically  derived  and  experimentally  demonstrated 
in  the  <111>  PRIZ  [ARO  Pubs.  4,  6].  Although  the  longitudinal  field  does  not  contribute 
to  the  signal  amplitude,  it  can  be  shown  to  induce  a  signal-dependent  phase  modulation 
that  is  present  in  concert  with  the  transverse  field-induced  signal-dependent  amplitude 
modulation.  Such  phase  effects  diminish  the  usefulness  of  the  device  for  applications  in 
which  Fourier-plane  processing  is  desired,  as  well  as  produce  point-spread  function 
anisotropies  in  the  image  plane  in  the  presence  of  strain  birefringence  or  imperfectly 
aligned  polarizer/analyzer  pairs. 

In  a  collaborative  effort  with  Professor  Cardinal  Warde  at  the  Massachusetts 
Institute  of  Technology,  these  concepts  have  recently  been  applied  to  the  MicroChannel 
Spatial  Light  Modulator  [ARO  Pub.  161  In  this  case,  it  has  been  shown  that  the  55°  cut 
UNb03  active  layer  (which  optimizes  the  amplitude  sensitivity)  introduces  phase 
nonuniformities  similar  to  those  observed  in  Bi12SiO20  [ARO  Pubs.  4,  61  Finally,  utilization 


of  the  exposure-induced  charge  transport  model  has  allowed  us  to  predict  and 
subsequently  experimentally  observe,  striking  nonlinearities  in  the  transfer  characteristics 
(output  amplitude  as  a  function  of  input  exposure)  of  the  <111>  PRIZ.  Such  intriguing 
effects  in  <111  >  and  <110>  oriented  PRIZ  devices  are  under  continuing  investigation. 

Quite  recently,  we  fabricated  a  <111  >-PRIZ-type  device  without  blocking  layers, 
which  according  to  a  Soviet  research  group  [26]  exhibited  dynamic  change  detection,  i.e., 
only  that  portion  of  the  image  that  has  recently  changed  appears  in  the  output  plane.  On 
the  contrary,  using  BSO  crystals  grown  at  USC,  we  found  that  excellent  image  storage 
characteristics  were  obtained  in  this  device  configuration.  The  advantages  of  this 
configuration  are  numerous:  (1)  the  absence  of  dielectric  blocking  layers  significantly 
enhances  the  measured  (and  theoretically  predicted)  resolution,  as  shown  in  Fig.  4  [331 
(2)  the  presence  of  parallel  ground  planes  on  opposite  crystal  surfaces  ensures  that  the 
longitudinal  voltage  is  space-invariant  which  eliminates  signal-dependent  phase 
nonuniformities;  (3)  charge  non-conservation  is  enhanced  by  allowing  photo-induced 
electrons  to  reach  the  far  electrode,  which  increases  the  device  sensitivity;  (4)  high 
dielectric  breakdown  strength,  high  sensitivity  blocking  layers  are  no  longer  required, 
which  eliminates  a  source  of  multiple  reflections  and  significantly  reduces  the  difficulty 
and  expense  of  device  fabrication;  (5)  the  resolution,  sensitivity,  and  linearity  can  be 
varied  through  proper  choice  of  the  device  operating  mode;  and  (5)  monopolar  (non¬ 
switching)  power  supplies  can  be  used  for  device  operation  due  to  the  constancy  of  the 
longitudinal  applied  voltage.  A  potential  disadvantage  is  the  accompanying  reduction  in 
image  storage  time,  although  the  approximately  fifteen  second  image  decay  time 
experimentally  observed  is  more  than  adequate  for  a  wide  range  of  applications.  This 
device  clearly  merits  further  intensive  investigatory  effort. 

An  experimental  determination  of  the  charge  carrier  dynamics  under  both  uniform 
and  nonuniform  exposure  in  a  PROM  structure  by  means  of  transverse  electrooptic 
imaging  was  undertaken  to  allow  measurement  of  the  appropriate  exposure-induced 
electric  field  distribution  function  for  refinements  to  the  theoretical  modulation  transfer 
function  calculations.  Preliminary  results  suggested  that  the  applied  field  distribution 
within  the  bulk  of  the  electrooptic  crystal  prior  to  exposure  is  quite  uniform  longitudinally 
(as  opposed  to  the  distribution  expected  for  the  case  of  space-charge-limited  current 
in|ection,  for  example).  In  addition,  these  measurements  have  been  extended  to  the  case 
of  uniform  exposure  by  fabrication  of  a  PROM-structure  1.5  mm  x  1.6  mm  x  11  mm  in 


size.  Application  of  the  external  applied  field  under  conditions  of  no  exposure  showed 
several  interesting  effects,  including  charge  injection  through  the  (dielectrically  imperfect) 
parylene  blocking  layer.  Exposure  in  forward  mode  (illuminated  electrode  negative) 
showed  charge  distribution  effects  throughout  the  bulk  of  the  device,  while  exposure  in 
reverse  mode  (illuminated  electrode  positive)  showed  strong  charge  confinement  near  the 
electrode.  This  result  confirms  an  independent  experiment  that  indicated  a  much  larger 
mobility-lifetime  product  for  electrons  than  for  holes  [42].  It  also  confirms  semi- 
quantitatively  the  predictions  of  the  charge  transport  model  advanced  earlier.  This  effort 
is  extremely  important  to  the  design  of  new  devices  with  improved  resolution,  and  to 
investigations  of  novel  voltage  modulated  recording  techniques  for  enhanced  device 
performance.  In  addition,  it  appears  likely  that  this  technique  will  allow  accurate 
measurements  of  mobility-lifetime  products  to  be  made  in  low  mobility  short  lifetime 
electrooptic  materials  that  are  difficult  to  characterize  otherwise.  It  is  important  to  note 
here  that  this  technique  is  currently  the  subject  of  intensive  research  in  the  Soviet  Union 
[43,  44,  45,  46,  47,  48,  491  as  applied  to  the  case  of  BSO  with  no  blocking  layers  under 
various  types  of  optical  exposure  conditions.  The  shape  of  the  exposure-induced 
longitudinal  charge  distributions  is  quite  similar  to  those  predicted  by  the  charge 
transport  model  [29,  301 

Recently,  we  have  discovered  a  new  type  of  two-dimensional  spatial  light  modulator 
that  is  capable  of  performing  real-time  incoherent-to-coherent  image  transductions  with 
resolution  and  sensitivity  comparable  to  those  presently  achieved  with  PROM  and  PRIZ 
devices  [ARO  Pubs.  7,  8,  9,  151  This  novel  device,  termed  a  Photorefractive  Incoherent- 
to-Coherent  Optical  Converter  (PICOC),  is  comprised  of  a  single  crystal  of  a 
photoconductive  and  electrooptic  material  such  as  bismuth  silicon  oxide  with  transversely 
deposited  metal  electrodes.  The  geometry  is  identical  to  that  utilized  in  the 
photorefractive  volume  holographic  storage  experiments  described  above.  The  crystal  is 
illuminated  by  two  plane  wave  writing  beams  from  an  Argon  ion  laser  that  form  a  uniform 
diffraction  grating  in  the  photorefractive  medium.  An  incoherent  image  is  focused  onto 
the  crystal  surface,  which  selectively  erases  the  grating  as  a  function  of  the  local  image 
intensity.  Diffraction  of  a  third  (reading)  beam  from  the  grating  results  in  creation  of  a 
coherent  replica  of  the  incoherent  input  image,  tn  preliminary  experiments,  a  resolution 
exceeding  15  line  pairs/mm  was  achieved  without  extensive  optimization.  We  have  since 
shown  that  the  resolution  can  be  extended  to  beyond  100  line  pairs/mm  by  a  simple 
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wavevector  matching  geometry  [ARO  Pubs.  9,  15L  and  the  device  sensitivity  can  be 
improved  by  a  factor  of  20  by  a  Schlieren  readout  technique  in  the  positive  image  mode 
[ARO  Pub.  151 

Such  a  combination  of  volume  holographic  storage  and  spatial  light  modulator 
characteristics  is  unique,  and  suggests  many  novel  optical  processing  configurations.  In 
addition,  such  PICOC  devices  are  easy  to  fabricate,  durable,  and  inexpensive,  all  of  which 
are  potential  advantages  relative  to  currently  available  spatial  light  modulators. 

Details  of  the  above  areas  of  investigation  are  given  in  the  publications  appended  to 
this  report,  and  in  the  Ph.D.  thesis  of  Dr.  Yuri  Owechko  [ARO  Pub.  11]. 
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Abstract 

The  theoretical  resolution  of  an  electrooptic  spatial  light  modulator  [such  as  the 
Pockels  Readout  Optical  Modulator  (PROM)}  is  a  function  of  the  electrostatic  field 
distribution  arising  from  stored  point  charges  located  within  the  active  electrooptic 
crystal  layer.  The  Fourier  transform  of  the  voltage  distribution  (which  can  be  directly 
related  to  the  modulation  transfer  function)  is  derived  as  a  function  of  the  charge 
location  within  the  electrooptic  crystal.  In  addition,  the  resultant  analytic  expression 
contains  the  dielectric  constants  of  the  blocking  layers  and  electrooptic  crystal,  and  the 
thicknesses  of  the  three  layers.  This  formulation  allows  the  effects  of  charge  trapping 
within  the  bulk  of  the  electrooptic  crystal  to  be  modeled.  In  particular,  the  low  spatial 
frequency  response  decreases  linearly  and  the  high  spatial  frequency  response  decreases 
exponentially  with  the  distance  of  the  point  charge  from  the  dielectric  blocking 
layer/electrooptic  crystal  interface.  Thus  the  overall  sensitivity  and  resolution  are 
degraded  strongly  by  charge  storage  in  the  bulk  away  from  the  interface.  Utilizing 
superposition,  this  formulation  can  be  readily  extended  to  accommodate  arbitrary  charge 
distributions  arising  from  different  exposure  parameters.  The  implications  of  these 
results  for  device  design  and  operation  are  discussed. 

I.  Introduction 

Several  electrooptic  spatial  light  modulators  (ESLM's)  have  been  investigated  for 
numerous  applications  in  coherent  optical  signal  processing,  including  the  Pockels  Readout 
Optical  Modulator  (PROM)  (1),  TITUS  (2),  PHOTOTITUS  (3),  and  the  MicroChannel  Spatial 
Light  Modulator  (MSLM)  (4) .  Such  devices  record  two-dimensional  image  information  in  the 
fora  of  a  charge  pattern  which  modulates  the  voltage  across  an  active  (electrooptic) 
single  crystal  layer.  The  charge  pattern  is  typically  induced  either  by  intensity 
modulation  of  light  incident  on  a  photoconductive  layer,  or  by  direct  electron  beam  charge 
deposition.  More  recently,  image  storage  in  ESLM's  has  been  accomplished  by  exposure  to 
x-ray  sources  (5)  and  by  high  energy  electron  beam  charge  implantation  (S) .  In  each  case, 
the  image-wise  modulated  voltage  is  sensed  using  polarized  light  by  means  of  the  linear 
electrooptic  effect. 

Or.e  extremely  important  parameter  in  the  character ization  of  candidate  spatial  light 
peculators  is  the  limiting  resolution  attainable  with  each  such  device.  In  addition,  the 
shape  of  the  modulation  transfer  function  (MTF)  strongly  influences  the  resultant  image 
fidelity,  and  conseguently  limits  the  accuracy  of  subsequent  optical  processing 
algorithms.  The  resolution  of  an  electrooptic  spatial  light  modulator  is  in  general 
determined  by  the  field  spreading  within  the  elcctrooptic  crystal  layer.  The  electric 
field  distribution  is  a  function  of  the  dielectric  constants  and  thicknesses  of  the 
dielectric  blocking  layers  and  electrooptic  crystal  layer,  and  of  the  charge  distribution 
within  the  elcctrooptic  crystal. 

A  method  for  calculating  the  sine  wave  response  of  a  multi-layered  structure  due  to  the 
impulse  response  of  a  point  charge  was  developed  by  Krittman  (7),  who  applied  the  method 
to  electrostatic  storage  targets.  Schaffert  (8)  has  performed  related  work  on 
electrostatic  images  with  emphasis  on  applications  to  the  xerographic  developing  process. 
Roach  (9)  derived  an  expression  for  the  modulation  transfer  function  of  electrooptic  light 
valves  consisting  of  an  isotropic  dielectric  layer  and  a  dielectrically  anisotropic 
electroeptic  crystal  sandwiched  between  two  transparent  conducting  electrodes,  for  the 
case  of  a  sinusoidal  modulation  in  charge  density  introduced  at  the  dielectric 
layer/electrooptic  crystal  interface.  These  previous  analyses  of  resolution  effects  in 
multi-layered  electrostatic  structures  share  a  common  limitation,  in  that  each  model 
constrains  the  charge  distribution  to  lie  at  the  interface  between  s  dielectric  layer  and 
tr.»  electrooptic  crystal.  Due  to  the  nature  of  the  charge  pattern  generating  process  in 
r.um*rsu3  applications  of  ESLM's,  however  (notably  in  the  cases  of  the  PROM  and  MSLM,  end 
for  the  recent  applications  of  x-ray  exposure  and  high  energy  electron  beam  excitation) , 
the  resultant  charge  distribution  is  known  to  reside  within  the  bulk  of  the  eleetrooptic 
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crystal  layer.  A  complete  treatment  of  resolution  in  electrooptic  spatial  light 
modulators,  therefore,  must  include  the  effects  of  exposure- induced  longitudinal  charge 
distributions  in  addition  to  the  geometric  end  constitutive  properties  of  the  layer 
structure. 


™  II.  Theoretical  development 

I.-,  order  to  simplify  the  theoretical  treatment  of  resolution  in  electrooptic  spatial 
light  mcdulators,  the  Pockels  Readout  Optical  Modulator  (PROM)  will  be  employed  as  a 
specific  example,  since  the  dielectric  constant  of  the  electrooptic  crystal  is  isotropic. 
Extension  of  this  analysis  to  other  ESLM’s  (such  as  the  TITUS  device)  with  anisotropic 
electroootic  layers  is  relatively  straightforward  (9).  A  schematic  diagram  of  a  tvoicsl 
O  PROM  structure  is  shown  in  Figure  1.  The  device  is  comprised  of  a  photoconducrive 
electrooptic  crystal  (Bii2Si02o)  sandwiched  between  two  thin  dielectric  blocicing  layers. 
The  blocking  layers  are  coated  with  transparent  electrodes. 

In  the  simplest  mode  of  PROM  operation,  a  voltage  (typically  2000V)  is  applied  to  the 
electrodes,  dividing  between  the  three  layers  in  inverse  proportion  to  the  capacitance  of 
each  layer.  Since  the  electrooptic  crystal  is  also  photoconduct ive,  illumination  from  the 
^  negative  electrode  side  with  image-wise  modulated  blue  light  causes  electron-hole  pair 
v  generation  at  a  rate  proportional  to  the  incident  intensity  at  each  location.  ~?he 
generated  charges  then  separate  in  the  applied  field  (by  electron  drift  into  the  bulk, 
since  holes  are  relatively  immobile  in  BiijSiC^o)  giving  rise  to  a  reduction  in  voltage 
across  the  electrooptic  crystal  in  illuminated  regions.  Since  in  the  absence  of 
illumination  (subsequent  to  the  writing  process)  the  dielectric  relaxation  time  (ctio)  of 
bismuth  silicon  oxide  is  unusually  large  (of  order  several  thousand  seconds) ,  the  electron 
distribution  is  trapped  in  the  bulk;  hence,  the  written  charge  pattern  is  stared.  The 
f  resultant  two  dimensional  voltage  distribution  induces  a  birefringence  (through  the  linear 
longitudinal  electrooptic  effect)  which  alters  the  polarization  of  linearly  polarized 
readout  light  oriented  to  bisect  the  principal  birefringent  axes,  producing  an  image-wise 
modulated  amplitude  when  viewed  through  a  crossed  analyzer.  The  readout  amplitude 
transmitted  through  a  PROM  between  ideal  crossed  polarizers  may  be  expressed  as 


Figure  1.  Structure  of  a  typical  PROM. 

In  current  PROM's,  the  electrooptic 
crystal  layer  is  bismuth  silicon  oxide 
(BicSiOti,  r  «  56e  )  and  the  dielectric 
blocking  layers  are  parylene  C  (e  -  3r  )  . 
The  transverse  coordinate  system  used  in 
the  derivation  off  V(w)  is  also  shown. 


Figure  2.  Longitudinal  coordinate  system 
used  in  the  derivation  of  V(w)  (see 
Appendix  I) .  The  position  of  the  point 
charge  within  the  electrooptic  crystal  layer 
is  at  z»  -t,,  while  t.,  t_,  and  t,  are  the 
electrooptic  crystal  thickness  and  dielectric 
blocking  layer  thicknesses,  respectively. 
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(1) 


where  A-  is  the  incident  readout  light  amplitude,  V\/2  is  the  half-wave  voltage  of  the 
electrooptic  crystal,  and  V(x,y)  is  the  voltage  across  the  electrooptic  crystal  at  image 
cctrcir.ates  (x,y).  It  should  be  noted  that  in  the  above  expression  it  is  assumed  that  the 
readout  wavelength  and  intensity  are  chosen  such  that  insignificant  photoconduct ive  charge 
redistribution  occurs,  and  that  the  effects  of  natural  optical  activity  in  the  bismuth 
silicon  oxide  crystal  may  be  neglected  (10,11).  Thus  the  output  amplitude  is  a  monotonic 
function  of  the  input  intensity  (for  applied  voltage  less  than  the  electrooptic  half-wave 
vcltage) :  such  a  transfer  relationship  is  desirable  for  incoherent-to-coherent  conversion 
and  subsequent  coherent  optical  signal  processing  operations. 


From  the  nature  of  S q.  (1),  it  can  be  seen  that  the  resolution  of  an  electrooptic 
spatial  light  modulator  depends  directly  on  the  relationship  between  a  periodic  (spatial 
frequency  <a)  variation  in  the  writing  intensity,  and  the  resultant  spatial  modulation  of 
the  voltage  across  the  electrooptic  crystal.  The  cubic  symmetry  (123)  of  bismuth  silicon 
oxide  in  conjunction  with  the  orientation  of  the  electrooptic  crystal  slice  (<00l>) 
assures  that  only  longitudinal  components  of  the  electric  field  contribute  to  the  induced 
birefringence  through  the  electrooptic  effect  (12).  Therefore,  the  modulation  in  output 
amplitude  [see  Eq.  (1)]  depends  only  on  the  voltage  difference  Vfx,y)  between  opposite 
sides  of  the  electrooptic  crystal  at  each  image  point  (x,y) .  In  the  absence  of 
significant  two-dimensional  diffusion  effects  in  comparison  with  the  drift-aided  charge 
separation  of  photogenerated  electron-hole  pairs  (13)  ,  V(x,y)  will  be  a  function  of  the 
.dielectric  constants  and  thicknesses  of  the  electrooptic  and  blocking  layers,  the 
locations  (in  the  z-direction)  of  the  trapped  hole  and  electron  distributions  resulting 
from  the  writing  (image  recording)  process,  and  the  spatial  freouency  of  the  charge 
(writing  intensity)  modulation  in  the  (x,y)  plane.  In  summary,  we  seek  to  derive  the 
dependence  of  each  Fourier  component  of  V(x,y)  (denoted  V(u) )  on  the  corresponding  Pourier 
component  of  the  lateral  charge  distribution,  as  a  function  of  the  device  parameters  and 
the  longitudinal  charge  distribution. 

If  the  longitudinal  charge  distribution  is  assumed  to  be  such  that  charges  are 
constrained  to  the  blocking  layer/electrooptic  crystal  Interfaces,  the  spatial  frequency 
dependence  ofr-the  potential  V(w)  may  be  obtained  by  straightforward  solution  (9)  of  the 
electrostatic,  boundary  conditions  with  a  surface  charge  o(x,y,z)  given  by: 


o(x,y,z)  ■  dgll+eosux) «{z) , 


(2) 


a  1 
*2 
-V 


ce  the  absorption  coefficient  of  the  writing  light  is  not  infinite,  and  since  in 
itic.n  the  drift  length  of  a  photoexcited  electron  is  significantly  smaller  than  the 
icel  electrooptic  layer  thickness,  consideration  of  charge  distributions  within  the 
<  of  the  electrooptic  crystal  is  necessary  in  order  to  formulate  a  realistic  resolution 


Consider  a  single  point  charge  q  located  at  (x,y,z)-(0,0,-t4)  within  the  electrooott? 
crystal  layer  as  shown  schematically  in  Figure  2.  Determination  of  the  Fourier  components 
sf  the  potential  difference  V(w)  due  to  such  a  point  charge  is  equivalent  to  calculation 
of  the  potential  difference  due  to  a  periodic  charge  distribution  given  by 

o(x,y,z)  •  dg 1 1+coswx] 6 ( zet^ )  (3) 

as  a  function  of  spatial  frequency  ot(l2) .  This  approach  has  the  advantage  that  once  the 
solution  for  a  single  point  charge  has  been  obtained,  the  inherent  linearity  of  the 
Fourier  transform  may  be  utilized  to  solve  multiple  charge  cases  by  summation  of  single 
charge  solutions,  end  continuous  charge;  distribution  cases  by  simple  integration. 

The  exial  symmetry  of  the  problem  can  be  exploited  by  transformation  to  cylindrical 
coordinates  0,0, z)  where  0,9)  are  in  the  (x,y)  plane  and  z  is  the  longitudinal 
coordinate,  as  shown  in  Figure  1.  Since  the  problem  is  invariant  with  respect  to  the 
angular  coordinate  9,  the  rectilinear  two-dimensional  Fourier  transformation  becomes  a 
Henkel  transform.  The  voltage  across  the  electroootic  crystal  can  than  be  written  in  the 
«-  »- . 


VO)  5  VO^tjJ-VO,!))  -  J  VO)J0U»o>  udie  («> 

where  J ; ( -- )  is  the  zeroth  order  Bessel  function  and  w  is  a  radial  spatial  freouency  (14). 
Expressing  VO)  as  a  Hankal  transform  leads  to  a  striking  simpl if ication  of  the 
calculation,  since  the  Henkel  transform  of  the  delta  function  charge  distribution  (point 
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charge  is  a  constant.  Hence  the  difficulties  associated  with  discontinuities  in  the  reel 
space  scundacy  conditions  due  to  charge  singularities  ace  automatically  removed  in  Fourier 
space . 


0  The  real  space  potential  difference  V(p)  must  satisfy  Laplace’s  equation  in  all  four 

regic.-.s  depicted  in  Figure  2,  and  must  also  satisfy  the  boundacy  conditions  at  both 
electrcces,  at  both  electrooptic  crystal/blocking  layer  interfaces,  ‘and  at  the  plane 
defined  cy  the  location  of  the  point  charge  (z»- 1 4 )  .  Once  VC)  is  determined,  VC'  is 
easily  feme  by  extracting  the  kernel  of  the  Hankel  transform,  as  shown  explicitlv  in 
Appendix  1,  with  the  following  result: 


£ _ U 

eo 


sinhufa-t^) 


f 

cothw(b-t4n 

coshu(a-t4) 

^  cothw<a-tt4>J. 

where 


and 


sinh 

ub 

coshw(b-t4) 

■  cothu(a-t4)'| 
_■*"  cothu  (b-t4 ) j 

,ebl  .  ' 

cothut. 

.  eo 

1 

(6) 

cotht-utj)^ 

C7> 

Note  that  as  desired,  V(u)  is  a  function  of  the  electrooptic  crystal  thickness  t. ,  the 
dielectric  blocking  layer  thicknesses  t2  and  t3 ,  the  dielectric  constants  and1^-,  of 
the  respective  layers,  as  well  as  on  the  location  of  the  point  charge  t.  .  In  this 
calculation,  the  electrodes  are  both  assumed  to  be  grounded.  4 

w  In  the  special  case  tj^t^,  and  t2*0,  the  problem  reduces  to  that  of  a  charge  pattern 

conf-.r.sd  to  the-  electrooptic  ccystal/dielectcic  layer  interface  of  a  two  layer  device, 
with 

*  e  cothwt?  +  sblcothwt. 
eo  x  01  a 


f 


in  agreement  with  the  solution  for  this  case  derived  previously  (9). 

The  modulation  transfer  function  ( MTF)  relating  the  output  image  modulation  to  the 
input  image  modulation  may  be  obtained  from  the  expression  (9) : . 


MTF  *> 


i  ("  *max  ~  Inin'| 
m  l^rnax  +  ^min-l 


(9) 


where 


uo> 


0  and  where  m  is  the  spatial  modulation  of  t^e  imposed  charge  distribution,  V  w2  is  Che 
electrooptic  crystal  half-wave  voltage,!  and  V(0)  =  V(w»0)  .  Physically,  v(0)  is  the 
average  value  of  the  potential  difference  across  the  electrooptic  crystal  layer.  In 
Eg.  -9),  I-ax  an^  rmin  ac*  the  values  of  Iout  Cor  cosux*l  and  cosux*-l,  respectively. 
From  £c.  (1<J),  it  can  be  seen  that  the  character  of  the  solution  for  each  case  is  fully 
expressed  by  V(w)  or  V(u)/V(0).  Since  the  MTF  for  a  given  device  will  be  both  exposure 
t-/(0, ;  and  modulation  (m)  dependent,  a  more  fundamental  indication  of  expected  device 
A  performance  is  obtained  by  presentation  and  discussion  of  the  un-normal ized  f v C — > 1  and 
•  normalized  [V(u)/V(0)l  potential  difference  functions. 


Before  proceeding  to  a  detailed  presentation  and  interpretation  of  the  results,  it 
should  he  pointed  out  that  the  un-normal  ized  potential  differences  V{->)  and  the  normalized 
functions  7(.)/V(0)  have  a  direct  interpretation  useful  for  both  comparison  of  distinct 
dev-.zes  of  different  constitutive  characteristics,  and  for  comparison  of  the  implications 
of  distinct  charge  distributions  within  a  given  device.  In  particular,  graphs  of  V(-)  as 
0  a  function  of  w  parametrized  by  different  device  constitutive  properties  assume  equal 
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exposure  conditions  (identical  charge  distributions),  while  graphs  of  V(-)/V(0)  »ssune 
optimum  exposure  conditions  for  each  compared  device  (i.e.  sufficient  exposure  for  each 
device  such  that  V(w)  is  optimized  in  the  limit  of  low  spatial  frequencies).  These  types 
of  comparisons  are  familiar  from  the  case  of  photographic  film,  where  the  tvpieai 
resale- ion./ sensitivity  trade-off  forces  a  similar  comparison  of  film  properties  on'  the 
basis  of  either  response  to  equal  exposure,  or  response  to  optimum  exposure. 


III.  Features  of  the  solution  for  d iscrete  charge  distributions 


:e  nature  of  the  spatial  frequency  dependence  of  the  potential  difference  V(_)  c?n  be 
easily  appreciated  if  the  high  and  low  spatial  frequency  responses  ace  examined. 
»  limiting  forms  are  given  by: 


IV (u) 1 

til  —  0 


r  t4(t2et3)-tlt2  -I 

qLebl(t2+t3)+€eotl  J 


[V(u»n  - 


(ebl+Eeo)w 


where  li*t^-t4  and  A2«t4.  The  parameters  Aj_  and  Aj  represent  the  distance  of  the  point 
charge  from  each  dielectric  blocking  layee/electrooptic  crystal  interface. 


From  Eq.  (11),  it  is  apparent  that  the  low  spatial  frequency  limit  of  V(m)  depends  on 
the  layer  thicknesses  and  dielectric  constants,  as  well  as  on  the  charge  location,  in 
particular,  if  we  consider  the  case  of  a  symmetric  device  (i.e.  a  device  with  two 
identical  blocking  layers)  ,  V(w)  decreases  linearly  to  zero  and  then  increases  to  its 
initial  value  as  the  charge  moves  from  one  interface  to  the  other.  This  is  intuitively 
appealing  since  no  voltage  drop  is  expected  across  the  electrooptic  crystal  for  a  point 
charge  in  the  center  of  a  symmetric  device.  The  low  frequency  response  is  in  addition 
independent  of  spatial  frequency. 


JRATlAl  FREQUENCY  (  li«*  po.m/ mm  ) 


SEAT  I  At  FREQUENCY  ( Ima  pmn/mm  ) 


Figure  3 .  Effect  of  dielectric  blocking 
layer  dielectric  constant  on  the  spatial 
frequency  response  of  V(w).  A  symmetric 
PP.CM  device  is  assumed,  with  geometric 
and  constitutive  parameters  as  shown  in 
Figure  1.  The  vertical  scale  is  arbitrary, 
but  is  the  same  for  Figures  3,5,7,  and  9. 


Figure  4 .  Effect  of  dielectric  blocking 
layer  dielectric  constant  on  the  spatial 
frequency  response  of  V(w)/V(0). 
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The  high  frequency  li.rai.ting  form  of  V(w)  given  in  Eq.  (12)  is  a  function  only  of  the 
dielectric  constants  of  the  layers,  the  spatial  frequency,  and  the  distances  of  the  charge 
from  each  of  the  blocking  layer/crystal  interfaces.  If  the  point  charge  resides  on  either 
interface,  V(<*0  falls  off  inversely  with  increasing  spatial  frequency.  For  even  sraall 
separations  of  the  charge  from  either  interface,  however,  the  high  spatial  freauencies 
will  be  exponentially  attenuated.  Note  that  as  in  the  low  spatial  frequency  case,  V(-)  is 
zero  when  the  charge  is  in  the  center  of  the  device. 

The  dependence  of  V(u>)  and  V(ui)/v(0)  on  the  dielectric  constant  of  the  blocking  layers 
(assumed  identical)  is  shown  in  Figures  3  and  4,  respectively.  The  effect  of  increasing 
the  blocking  layer  dielectric  constant  is  seen  to  reduce  the  device  sensitivity  (see 
Figure  3),  while  increasing  the  high  spatial  frequency  response  for  optiaum  exposure  in 
both  cases  (sae  Figure  4). 

The  dependence  of  V(u»)  and  V(w)/V(0)  on  the  thickness  of  the  blocking  layers  is  shown 
in  Figures  5  and  6,  respectively.  The  effect  of  decreasing  the  blocking  layer  thickness 
reduces  the  device  sensitivity  (see  Figure  S)  but  improves  the  relative  response  at  high 
spatial  frequencies  (see  Figure  6).  In  Figures  3-6,  a  single  point  charge  is  located  at 
one  of  the  dielectric  blocking  layer/electrooptic  crystal  interfaces. 

The  solutions  for  cases  involving  multiple  point  charges  can  be  obtained  by  a  linear 
superposition  of  the  solutions  for  each  separate  point  charge.  In  particular,  the  effect 
of  an  electron-hole  pair  can  be  modeled  if  the  point  charges  are  assigned  opposite  signs. 
The  results  of  such  a  calculation  as  a  function  of  the  charge  separation  are  shown  in 
Figures  7  and  8.  In  this  calculation,  the  hole  and  electron  were  assumed  initially 
constrained  to  opposite  interfaces,  and  were  subsequently  displaced  symmetrically  into  the 
bulk  of  the  electrooptic  crystal  layer.  In  Figures  7  and  3,  each  curve  is  labeled  by  the 
positions  of  each  point  charge  according  to  the  following  convention:  the  electroootic 
crystal  layer  is  S00  um  thick  and  the  coordinate  pairs  labeling  each  curve  are  the  z 
coordinates  of  each  of  the  two  point  charges.  Thus  (0,50Q)  represents  a  positive  charge 
at  the  z*  -500  um  interface  and  a  negative  charge  at  the  z  ■  0  um  interface.  The  device 
parameters  are  those  of  the  typical  PROM  configuration  shown  in  Figure  1.  From  Pigure  T, 
it  is  observed  that  displacement  of  the  point  charges  away  from  the  dielectric  blocking 
layer/electrooptic  crystal  interfaces  strongly  degrades  the  high  spatial  frequency 
response,  and  in  addition  reduces  the  sensitivity  at  low  spatial  freauencies.  The 


SPATIAL  FREQUENCY  (tin*  ppio/m m) 


SPATIAL  FREQUENCY  (Up*  ppwt/mw) 


Figure  3.  Effect  of  dielectric  blocking 
layer  thickness  on  the  spatial  frequency 
response  of  V(») .  The  dielectric  constant 
of  the  blocking  layer  is  c.  «  lOe  . 


Figure  6.  Effect  of  dielectric  blocking 
layer  thickness  on  the  spatial  frequency 
response  of  V(w)/V( 0). 
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exponential  modification  of  the  high  spatial  freauency  behavior  is  shown  more  clearly  in 
the  graphs  of  V(-)/V(0)  shown  in  Figure  8.  Due  to  the  assumption  of  a  symmetric  device 
configuration  in  this  calculation,  it  should  be  noted  that  charges  of  opposite  sign 
symmetrically  placed  on  opposite  sides  of  the  electrooptic  crystal  layer  contribute 
equally  to  the  total  potential.  Thus  the  results  shown  in  Figure  3  for  the  dual  charge 
calculation  are  equally  applicable  to  the  case  of  a  single  charge  of  appropriate  sign 
placed  a:  the  same  distances  from  either  interface  (i.e.  0,  50  and  100  urn). 

The  effects  of  asymmetric  charge  location  within  a  symmetric  PROM  device  are  shown  in 
Figures  9  and  10.  A  positive  point  charge  is  located  at  one  dielectric  blocking 
layer/electcooptic  crystal  interface  (z®-500  um),  and  a  negative  point  charge  is  placed  at 
varying  distances  from  the  opposite  interface  (z=0um).  This  configuration  models  a 
hypothetical  writing  process  in  which  the  incident  illumination-  is  characterized  by  a 
large  absorption  coefficient  so  that  the  (immobile)  hole  distribution  Is  constrained  to 
one  interface,  while  the  electron  distribution  is  forced  into  the  bulk  electrooptic  layer 
by  the  applied  field.  The  resultant  charge  separation  will  thus  be  a  function  of  the 
constitutive  device  properties  and  the  voltage  across  the  device  during  the  writing  cycle. 
The  resultant  V(<»)  curve  for  the  case  of  the  negative  charge  at  the  opposite  interface 
(labeled  ”{0)N  in  Figure  9)  is  exactly  the  same  as  the  (0,500)  case  discussed  with  respect 
to  Figure  7.  as  the  negative  charge  is  moved  in  from  the  interface  toward  the  center  of 
the  crystal,  the  response  at  high  spatial  frequencies  decreases  more  rapidly  at  first  than 
the  response  at  low  spatial  frequencies.  As  the  negative  charge  reaches  the  center  of  the 
electrooptic  crystal  layer  (z*  -250  urn)  and  continues  to  approach  the  positive  charge,  the 
response  at  low  spatial  frequencies  decreases  faster  than  the  reduction  in  high  spatial 
frequency  response.  For  both  charges  in  the  same  half  of  the  electrooptic  crystal,  the 
response  characteristic  becomes  nonmonotonic,  as  can  be  seen  in  Figure  9  and  even  more 
graphically  in  Figure  10. 


1.0  10.0  t-0  10.0 


SPATIAL  FREQUENCY  (tin.  pairi/mm)  SPATIAL  PEEQUENCY  ( 


Figure  T.  Effect  of  longitudinal  charge 
position  within  the  electrooptic  crystal 
layer  on  the  spatial  frequency  response 
of  V(„).  In  each  ease,  two  point  charges 
of  opposite  sign  are  symmetrically  placed 
relative  to  the  center  of  the  device. 

Each  curve  is  labeled  by  the  distance  in 
of  the  (negative,  positive)  charge  from 
the  electrooptic  crystal/dielectric 
blocking  layer  interface  at  z»  Oum. 


Figure  8 .  Effect  of  longitudinal  charge 
position  within  the  electrooptic  crystal 
layer  on  the  spatial  frequency  response 
of  V(u»)/V(0).  Note  the  narked  attenuation 
of  the  high  spatial  frequency  response  as 
the  charges  are  increasingly  displaced 
from  their  respective  interfaces. 
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Tnis  cexackable  nonmonotonic  behavior  of  the  spatial  frequency  response  can  be 
explained  with  the  aid  of  Figure  11,  which  details  the  contributions  of  each  charge  to  the 
total  potential.  In  Figure  11(a),  the  signs  and  magnitudes  of  the  potential  contributions 
frc.T.  both  charges  are  positive,  and  the  resultant  potential  has  the  same  response 
characteristic  as  that  of  a  single  charge  positioned  at  an*  interface.  In  Figure  li (b) , 
the  negative  charge  is  125  urn  (one  quarter  of  the  electrooptic  crystal  thickness)  from  the 
inter faca,  and  hence  contributes  a  reduced  low  spatial  freauency  response  and  an 
exponentially  attenuated  high  spatial  frequency  response.  At  the  center  of  the  crystal, 
the  negative  charge  does  not  contribute  to  the  potential  cue  to  symmetry,  and  the  form  of 
the  frequency  response  is  the  same  as  that  for  a  single  point  charge  at  an  interface  [as 
shown  in  Figure  11(c)].  The  most  interesting  case  is  shown  in  Figure  11(d),  in  which  the 
charge  separation  is  one  quarter  of  the  electrooptic  crystal  thickness.  Here  the 
cor.tr  ibutions  to  the  total  potential  from  both  charges  have  opposite  signs.  This 
situation  is  equivalent  to  taking  the  difference  between  the  V(u)  curves  for  two  positive 
charges  at  the  same  locations,  as  shown  in  the  Figure.  The  nonmonotonic  behavioc  is  thus 
seer,  to  arise  directly  from  the  exponential  attenuation  of  the  high  spatial  frequency 
components  of  the  potential  due  to  the  negative  charge. 

IV.  Device  impl ications 

The  dependence  of  the  spatial  frequency  response  on  the  dielectric  constants  and 
thicknesses  of  the  dielectric  blocking  layers  (as  shown  in  Figures  3-6)  indicates  that  new 
PROM  devices  can  be  envisioned  with  modulation  transfer  functions  constant  to  much  higher 
spatial  frequencies  than  are  characteristic  of  presently  available  devices.  Gains  in  MTF 
behavioc  due  to  choice  of  dielectric  blocking  layer  properties  will  be  accompanied  by  an 
overall  reduction  in  device  sensitivity.  Such  new  devices,  however,  would  provide 
significantly  improved  image  fidelity  and  resolution  in  applications  where  requirements  on 
device  sensitivity  can  be  relaxed,  similar  to  the  familiar  tradeoff  in  the  case  of 
photographic  film.  In  order  to  improve  PROM  resolution,  high  dielectric  constant,  high 
dielectric  breakdown  strength,  high  resistivity  dielectric  blocking  layers  are  required. 


SPATIAL  PREOUSNCY  (li««  eeinlmm] 

Fi~ure  3.  Effect  of  asymmetric  charge 
locations  on  the  spatial  frequency  response 
of  '.'(.) .  A  positive  charge  is  located  at 
the  z*  -500. m  electrooptic  crystal/ 
dielectric  blocking  layer  interface.  Each 
curve  is  labeled  by  the  distance  in  um  of 
a  negative  charge  from  the  electrooptic 
erystal/dielectric  blocking  layer  interface 
at  z»  Own. 


SPATIAL  FREQUENCY  (!•»»  »«i rt/mm) 


Figure  10.  Effect  of  asymmetric  charge 
locations  on  the  spatial  frequency  response 
of  V(w)/V{0).  Mote  the  nonmonotonic 
behavior  of  V(„)/V(0)  when  both  charges  are 
in  the  same  half  of  the  electrooptic 
crystal.  The  curves  for  the  negative  charge 
at  z»  Oum  and  z*  -250um  are  identical. 
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effect  of  exposure-induced  charge  distribution  throughout  the  bulk  of  the 
electroopcic  crystal  layer  is  seen  to  have  an  adverse  effect  on  the  high  spatial  freauency 
response  characteristics  of  the  image  storage  process.  The  optimum  resolution  end 
sensitivity  within  a  given  PROM  device  structure  are  obtained  when  the  hole  distribution 
is  constrained  to  the  interface  nearest  the  negative  electrode,  end  the  entire  electron 
distribution  is  swept  to  the  interface  nearest  the  positive  electrode  during  the  writing 
cycle.  The  actual  resolution  and  sensitivity  obtained  for  a  given  device  ace  thus 
strongly  dependent  on  the  absorption  coefficient  of  the  electrooptic  layer  at  the  writing 
il  1  u.r t.nation  wavelength,  on  the  external  applied  voltage  and  voltage  division  between  the 
multiple  layers  during  the  writing  cycle,  and  on  the  mobility-lifetime  product  of 
phc regenerated  eiectrons  in  the  electrooptic  crystal.  Such  bulk  charge  distribution 
effects  will  also  strongly  affect  the  resolution  and  sensitivity  for  cases  where  the 
image-wise  modulated  charge  pattern  is  induced  by  high  energy  electron  beam  (6)  and  x-r?y 
(5!  sources. 


VM  *  v*M  ♦  v.(<4 

V+(u»)  ( +Q  CONTRIBUTION) 
V.(oj)  {  -Q  CONTRIBUTION) 


risers  11.  Schematic  explanation  of  the  effect  of  asymmetric  charge  locations  on 
the  spatial  frequency  response  of  V(w)  and  V(u)/V(0).  (a)  Both  charges  are  at 

their  respective  interfaces;  thus  V  (<d)  ■  v_(w),  and  the  total  V(u»)  is  simply 
twice  the*  potential  difference  expected  for  a  single  point  charge  (V(u)  ■  2V+ (&»}). 
(b)  Here  the  negative  charge  is  displaced  from  the  interface,  exponentially 
attenuating  the  high  spatial  frequency  response  of  V_(w).  -The  sura  of  the  terms  due 
to  each  charge  thus  decreases  monotonically,  with  diminished  high  spatial  frequency 
response  relative  to  case  (a)  (see  Figure  10) .  (c)  The  negative  charge  is  placed 
at  the  center  of  the  symmetric  PROM.  Hence,  it  does  not  contribute  to  V(u>)  and 
V(.)  a  v  (w) .  (d)  The  negative  charge  is  in  the  same  half  of  the  crystal  as  the 

positive  charge;  the  total  V(u)  can  be  obtained  by  taking  the  difference  between 
(.)  and  -V_(w),  since  V  Cm)  and  v_(w)  have  opposite  signs.  Since  V+(m)  and  V_(m) 
decrease  at  unequal  rates;  V(w)  no  longer  decreases  monotonically. 
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V.  Summary 

A  generalized  expression  for  the  spatial  frequency  response  of  a  three  layer 
electrooptic  spatial  light  modulatoc  is  presented,  which  gives  explicitly  the  dependence 
of  the  response  on  the  thicknesses  and  dielectric  constants  of  the  layers,  and  on  ar. 
arbitrary  longitudinal  charge  position  within  the  electrooptic  crystal  layer.  This 
solution  is  applied  specifically  to  the  case  of  the  Pockels  Readout  Optical  Modulator 
(PROM),  wherein  the  importance  of  the  inclusion  of  bulk  charge  distribution  effects  is 
clearly  demonstrated.  Extension  of  these  results  to  cases  involving  continuous 
longitudinal  charge  distributions  in  order  to  model  specific  device  operational  modes  ar.d 
writing  cycle  parameters  is  straightforward  due  to  the  inherent  linearity  of  the  Fourier 
(Hankel)  transform  (12,15).  Application  to  other  ESLM's  with  anisotropic  electrooptic 
materials  exhibits  device  geometric,  constitutive,  and  charge  distribution  effects  similar 
to  those  described  herein  (15).  Research  on  the  implications  of  including  two-dimensionel 
charge  diffusion  effects  during  the  writing  process  is  currently  in  progress. 

Appendix  I:  Derivation  of  V (a-)  for  a  three  layer  device 

The  device  geometry  is  as  shown  in  Figures  1  and  2.  The  dielectric  constants  of  the 
blocking  layers. are  assumed  equal  (ej,i) #  and  the  thicknesses  of  the  layers  are  given  by  t2 
and  t3.  The  dielectric  constant  of  cne  electrooptic  crystal  layer  is  denoted  e_0,  and  the 
thickness  of  the  layer  by  t,.  A  single  point  charge  g  is  placed  within  the  electrooptic 
crystal  a  distance  t4  from  the  dielectric  blocking  layer/electrooptic  crystal  interface  as 
shown  in  Figure  2.  Transparent  electrodes  are  placed  in  the  planes  z*tj  and 
at  the  external  boundaries  of  the  dielectric  blocking  layers;  both  electrodes  are  assumed 
grounded  during  readout. 

The  cylindrical  symmetry  of  the  problem  about  the  z-axis  is  utilized  by  expressing  the 
potential  within  the  layers  in  cylindrical  coordinates  as  a  Hankel  transform: 


V(p ,  9 ,  z)  -  V(o,z)  -  |*  V(w,z)J0(wp)wdu 


The  potential  within  any  of  the  four  regions  shown  in  Figure  2  automatically  satisfies 
Laplace's  equation  if  it  is  written  in  the  form: 


V(p.z) 


G(w)eiu*J0  (wo) dm 


The  potential  in  each  of  the  four  regions  may  then  be  expressed  explicitly  as: 

I.  Vjfp.z)  ■  |  Aj^uJsinhwU+aJJgtwpJdtu  (2) 

.  II.  Vjjtp.z)  -  J  A2  (w)  sinhw  (.  -b)  JQ  (wp)dui  (*> 

III.  VjjjLp.z)  -  |  A3(w)sinhu(z-ft1-t-t3)J0(wo)da  (5) 

IV.  VJV(p,z)  »  |  A4  (a) sinhu (z-tj)  Jg  (<*»o)dw  (6) 

This  form  insures  that  the  potential  In  regions  lit  and  TV  is  zero  at  the  zw-ft^+tjl  and 
z*tj  ground  planes.  The  parameters  a  and  b  correspond  to  imaginary  ground  planes  at  :*-» 
and  z»-b,  and  are  determined  below  ;from  the  application  of  appropriate  boundary 
conditions. 


Ths  boundary  conditions  are: 


V(-t^)  -  V(-tx  ) 


3V(-tt) 


7)  avt-tj^) 

“  *  ebl— 7i - 


V(-tt)  -  V(-t.) 


y.'v.'jv'o 
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V(0  )  -  V ( 0*) 


wto*)  +  «.  avto~) 

ebl  51  +  ceo  51 


3V(-t;>  3V(-t;) 

51  +  51 


where  rQ,  che  charge  density  at  z— 14,  is  given  by: 


°o  ■  3r«r)  *  is  L  J0(u*c,,i,d“ 


and  3(c)  is  the  unit  impulse  function.  Application  of  the  boundacy  conditions  by  direct" 
substitution  o£  Egs.  (3)-(6)  into  Eqs.  (7) — (13 )  yields: 


Al(w>  “  21c 


coshw(a 


cothw(b-t4)  .-|-1 
_t4  * ( ^“cothu (a-t4 )  jJ 


_  r  ,cothw(a-t.)  ,T-1 

a2(u)  *  [coahw<b*t4){cotHS7E=tp'‘  1}J 


where  a  and  b~ace  given  by: 


a  ■  t 


1+  Z  coth_1(^i-  cothutj) 


b  -  i  coth-1(^i  coth(-ut,A 
'Eeo  2  / 


The  voltage  across  the  electrooptic  crystal  is  given  by: 

Veo<0)  *  VI(p,-t1)-vir(3,0)  (18) 

Writing  V^ta)  as  a  Hankel  transform  (as  in  Eq.  (1))  and  substituting  Eos.  (3),  (4), 

(14)— (17)  into  Eq.  (18),  we  obtain  the  final  expression  for  the  spatial  frequency 
dependence  of  the  potential  difference  across  the  electrooptic  crystal  layer: 


V  (  oj  )  • 


sinhwia-tj^) 


sinh  wb 


c  o»  f  cothw(b-t.)l  r  cothu(a-t,)1 

coshm(a-t4)[l-eothM|>.^1j  coshw(b-t4)[l-5S^nFrE-yJ 
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Abstract 


The  theoretical  resolution  of  an  eiectrooptic  spatial  light  modulator  [such  as  the 
Pockels  Readout  Optical  Modulator  (PROM) ]  is  a  function  of  the  electrostatic  field 
distribution  arising  from  stored  point  charges  located  within  the  active  eiectrooptic 
crystal  layer.  The  Fourier  transform  of  the  voltage  distribution  (which  can  be  directly 
related  to  the  modulation  transfer  function)  is  expressed  as  a  function  of  the  charge 
location  within  the  eiectrooptic  crystal.  Xn  addition,  the  resultant  analytic  expression 
contains  the  dielectric  constants  of  the  blocking  layers  and  eiectrooptic  crystal,  and  the 
thicknesses  of  the  three  layers.  This  formulation  allows  the  effects  of  charge  trapping 
within  the  bulk  of  the  eiectrooptic  crystal  to  be  modeled.  Xn  particular,  the  low  spatial 
frequency  response  decreases  linearly  and  the  high  spatial  frequency  response  decreases 
exponentially  with  the  distance  of  the  point  charge  from  the  dielectric  blocking 
layer/electrooptic  crystal  interface.  Thus  the  overall  sensitivity  and  resolution  are 
degraded  strongly  by  charge  storage  in  the  bulk  away  from  the  interface.  Utilizing 
superposition,  this  formulation  can  be  readily  extended  to  accommodate  arbitrary  charge 
distributions  arising  from  different  exposure  parameters.  The  spatial  frequency  response 
of  the  PROM  is  calculated  for  both  analytic  (exponential  hole/gaussian  electron)  and 
iterative  (exposure- induced  charge  transport)  continuous  charge  distributions.  The 
limiting  form  of  the  high  spatial  frequency  response  is  shown  to  be  independent  of  the 
particular  distribution  of  volume  charge.  The  implications  of  these  results  for  device 
design  and  operation  are  discussed. 


X.  Introduction 


Several  eiectrooptic  spatial  light  modulators  (ESLM’s)  have  been  investigated  for 
numerous  applications  in  coherent  optical  signal  processing,  including  the  Pockels  Readout 
Optical  Modulator  (PROM)  (1),  TITOS  (2),  PHOTOTXTOS  (3),  and  the  MicroChannel  Spatial 
Light  Modulator  (MSLM)  (4) .  Such  devices  record  two-dimensional  image  information  in  the 
form  of  a  charge  pattern  which  modulates  the  voltage  across  an  active  (eiectrooptic) 
single  crystal  layer.  The  charge  pattern  is  typically  induced  either  by  intensity 
modulation  of  light  incident  on  a  photoconduetive  layer,  or  by  direct  electron  beam  charge 
deposition.  More  recently,  image  storage  in  ESLM’s  has  been  accomplished  by  exposure  to 
x-ray  sources  (S)  and  by  high  energy  electron  beam  charge  implantation  (6).  In  each  case, 
the  image-wise  modulated  voltage  is  sensed  using  polarized  light  by  means  of  the  linear 
eiectrooptic  effect. 


One  extremely  important  parameter  in  the  characterization  of  candidate  spatial  light 
modulators  is  the  limiting  resolution  attainable  with  each  such  device.  Xn  addition,  the 
shape  of  the  modulation  transfer  function  (MTF)  strongly  influences  the  resultant  image 
fidelity,  and  consequently  limits  the  accuracy  of  subsequent  optical  processing 
algorithms.  The  resolution  of  an  eiectrooptic  spatial  light  modulator  is  in  general 
determined  by  the  field  spreading  within  the  eiectrooptic  crystal  layer.  The- electric 
field  distribution  is  a  function  of  the  dielectric  constants  and  thicknesses  of  the 
dielectric  blocking  layers  and  eiectrooptic  crystal  layer,  and  of  the  charge  distribution 
within  the  eiectrooptic  crystal. 


A  method  for  calculating  the  sine  wave  response  of  a  multi-layered  structure  due  to  the 
impulse  response  of  a  point  charge  was  developed  by  Krittman  (7),  who  applied  the  method 
to  electrostatic  storage  targets.  Schaffert  (8)  has  performed  related  work  on 
electrostatic  images  with  emphasis  on  applications  to  the  xerographic  developing  process. 
Roach  (9)  derived  an  expression  for  the  modulation  transfer  function  of  eiectrooptic  light 
valves  consisting  of  an  isotropic  dielectric  layer  and  a  dielectrically  anisotropic 
eiectrooptic  crystal  sandwiched  between  two  transparent  conducting  electrodes,  for  the 
case  of  a  sinusoidal  modulation  in  charge  density  introduced  at  the  dielectric 
layer/electrooptic  crystal  interface.  These  previous  analyses  of  resolution  effects  In 
multi-layered  electrostatic  structures  share  a  common  limitation,  in  that  each  model 
constrains  the  charge  distribution  to  lie  at  the  Interface  between  a  dielectric  layer  and 
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Che  electrooptic  crystal.  Due  to  the  nature  of  the  charge  pattern  generating  process  i- 

numerous  applications  o£  ESDI's,  however  (notably  in  the  cases  of  the*F?CM  and  MSLM.  ar-e 

for  the  recent  applications  of  x-ray  exposure  and  high  energy  electron  beam  excitation)  , 
the  resultant  charge  distribution  is  Known  to  reside  within  the  bulk  of  the  electroopric 
crystal  layer.  A  complete  treatment  of  resolution  in  electroopeic  spatial  light 
modulators,  therefore,  must  include  the  effects  of  exposure-induced  longitudinal  charge 
distributions  in  addition  to  the  geometric  and  constitutive  properties  of  the  layer 
structure. 

Recently,  an  analytic  expression  has  been  derived  for  the  Fourier  transform  of  the 
voltage  distribution  (which  can  be  directly  related  to  the  modulation  transfer  function) 
as  a  function  of  the  location  of  point  charges  within  the  electroopeic  crystal  (10!.  in 

addition,  this  expression  contains  the  dielectric  constants  of  the  blocking  layers  and 

electrooptie  crystal,  and  the  thicknesses  of  the  three  layers.  This  formulation  allows 
the  effects  of  charge  trapping  within  the  bulk  of  the  electrooptic  crystal  to  be  modeled. 
In  succeeding  sections,  the  theoretical  background  of  the  analytic  solution  is  explored, 
and  features  of  the  solution  for  single  and  multiple  point  charge  cases  are  described  ro 
emphasize  the  essential  behavior  of  the  device  response  characteristics.  The  theoretical 
model  is  then  extended  to  include  the  effects  of  continuous  charge  distributions 
throughout  the  electrooptic  layer.  Examples  of  both  analytic  and  iterative 

expo sure- induced  charge  distributions  are  presented  and  discussed  in  terms  of  the 
essential  feature?  of  the  theoretical  point  charge  model.  Finally,  the  implications  of 
these  results  for  device  design  and  operation  are  discussed. 

IX.  Theoretical  development 

In  order  to  simplify  the  theoretical  treatment  of  resolution  in  electrooptic  spatial 
light  modulators,  the  Pockels  Readout  Optical  Modulator  (FROM)  will  be  employed  as  a 
specific  example,  since  the  dielectric  constant  of  the  electrooptic  crystal  is  isotropic. 
Extension  of  this  analysis  to  other  ESLM's  (such  as  the  TITUS  device)  with  anisotropic 
electrooptic  layers  is  relatively  straightforward  (9,15).  A  schematic  diagram  of  a 
typical  PROM  structure  is  shown  in  Figure  1.  The  device  is  comprised  of  a  photoconductive 


Figure  1.  Structure  of  a  typical  PROM. 

In  current  PROM's,  the  electrooptic 
crystal  layer  is  bismuth  silicon  oxide 
(8ii2Si02o»seo*  55«o)  end  the  dielectric 
blocking  layers  are  parylene  C  (‘bl*3co'* 
The  transverse  coordinate  system  used  in 
the  derivation  of  V(w)  is  also  shown. 


Figure  2.  Longitudinal  coordinate  system 
used  in  the  derivation  of  V(u)  (see 
Appendix  I) .  The  position  of  the  point 
charge  within  the  electrooptic  crystal  layer 
is  at  z»  -t4,  while  tj,  t2,  and  t3  are  the 
electrooptic  crystal  thickness  and  dielectric 
blocking  layer  thicknesses,  respectively. 
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electrcoocic  crystal  (Bi.12Si.O20)  sandwiched  between  two  thin  dielectric  blocking  layers. 
The  blacking  layers  are  coated  with  transparent  electrodes. 

In  the  simplest  mode  of  FROM  operation,  a  voltage  (typically  2000V)  is  applied  to  the 
_  electrodes,  dividing  between  the  three  layers  in  inverse  proportion  to  the  capacitance  of 

•  each  layer.  Since  the  electrooptic  crystal  is  also  photoconductive ,  illumination  from  the 

negative  electrode  side  with  image-wise  modulated  blue  light  causes  electron-hole  pair 
generation  at  a  rate  proportional  to  the  incident  intensity  at  each  location.  The 
generated  charges  then  separate  in  the  applied  field  (by  electron  drift  into  the  bulk, 
since  holes  are  relatively  immobile  in  Bij^S^o)  giving  rise  to  a  reduction  in  voltage 
across  the  electrooptic  crystal  in  illuminated  regions.  Since  in  the  absence  of 

illumination  (subsequent  to  the  writing  process)  the  dielectric  relaxation  time  f£eao)  of 

•  bismuth  silicon  oxide  is  unusually  large  (of  order  several  thousand  seconds),  the  electron 

distribution  is  trapped  in  the  bulk;  hence,  the  written  charge  pattern  is  stored.  The 
resultant  two  dimensional  voltage  distribution  induces  a  birefringence  (through  the  linear 
longitudinal  electrooptic  effect)  which  alters  the  polarization  of  linearly  polarized 
readout  light  oriented  to  bisect  the  principal  birefringent  axes,  producing  an  image-wise 
modulated  amplitude  when  viewed  through  a  crossed  analyzer.  The  readout  amplitude 

transmitted  through  a  PRCtt  between  ideal  crossed  polarizers  may  be  expressed  as 


where  Ag  is  the  incident  readout  light  amplitude,  Vw2  1*  the  half-wave  voltage  of  the 
electrooptic  crystal,  and  V(x,y)  is  the  voltage  across  the  electrooptic  crystal  at.  image 
coordinates  (x,y).  It  should  be  noted  that  in  the  above  expression  it  is  assumed  that  the 
readout  wavelength  and  intensity  are  chosen  such  that  insignificant  photoconductive  charge 
redistribution  occurs,  and  that  the  effects  of  natural  optical  activity  in  the  bismuth 
silicon  oxide  crystal  may  be  neglected  (11,12).  Thus  the  output  amplitude  is  a  monotonie 
function  of  the  input  intensity  (for  applied  voltage  less  than  the  electrooptic  half-wave 
voltage) ;  such  a  transfer  relationship  is  desirable  for  incoherent-to-coherent  conversion 
and  subsequent  coherent  optical  signal  processing  operations. 

From  the  nature  of  Eq.  (1) .  it  can  be  seen  that  the  resolution  of  an  electrooptie 
spatial  light  modulator  depends  directly  on  the  relationship  between  a  periodic  (spatial 
frequency  .,)  variation  in  the  writing  intensity,  and  the 'resultant  spatial  modulation  or 
the  voltage  across  the  electrooptic  crystal.  The  cubic  symmetry  (123)  of  bismuth  silicon 
oxide  in  conjunction  with  the  orientation  of  the  electrooptic  crystal  slice  (<001>) 
assures  that  only  longitudinal  components  of  the  electric  field  contribute  to  the  induced 
birefringence  through  the  electrooptic  effect  (see  Appendix  I).  Therefore,  the  modulation 
in  output  amplitude  (see  Eq.  (1)]  depends  only  on  the  voltage  difference  V(x,y)  between 
opposite  sides  of  the  electrooptic  crystal  at  each  image  point  (x,y) .  in  the  absence  of 
significant  two-dimensional  diffusion  effects  in  comparison  wieh  the  drift-aided  charge 
separation  of  photogenerated  electron-hole  pairs  (13),  V(x,y)  will  be  a  function  of  the 
dielectric  constants  and  thicknesses  of  the  electrooptic  and  blocking  layers,  the 
locations  (in  the  z-direction)  of  the  trapped  hole  and  electron  distributions  resulting 
from  the  writing  (image  recording)  process,  and  the  spatial  frequency  of  the  charge 
(writing  intensity)  modulation  in  the  (x,y)  plane.  In  summary,  we  seek  to  express  the 
dependence  of  each  Fourier  component  of  V(x,y)  (denoted  V(u))  on  the  corresponding  Fourier 
component  of  the  lateeal  charge  distribution,  as  a  function  of  the  device  parameters  and 
the  longitudinal  charge  distribution. 

If  ths  longitudinal  charge  distribution  is  assumed  to  be  such  that  charges  are 
constrained  to  the  blocking  layer/electrooptic  crystal  inter facts,  the  spatial  frequency 
dependence  of  the  potential  V(w)  may  be  obtained  by  straightforward  solution  (9)  of  the 
elec treat a  tic  boundary  conditions  with  a  surface  charge  c(x,y,z)  given  by: 

i 

a(x,y,z)  -  <T0{l>eoswx}4  (z) .  (2) 

Since  the  absorption  coefficient  of  the  writing  light  is  not  infinite,  and  since  in 
addition  the  drift  length  of  a  photoexelted  electron  is  significantly  smaller  than  or  on 
the  order  of  the  typical  electrooptic  layer  thickness,  consideration  of  charge 
distr ioucione  within  the  bulk  of  the  electrooptic  crystal  is  necessary  in  order  to 
formulate  a  realistic  resolution  model. 

Consider  a  single  point  charge  q  located  at  (x  ,y ,  z)  « (0  ,'C,-e4  )  within  the  electrooptie 
crystal  layer  as  shown  schematically  in  Figure  2.  Determination  of  the  Fourier  components 
of  she  potential  difference  V(wk  due  to  such  a  point  charge  is  equivalent  to  calculation 
of  cne  potential  difference  due  to  a  periodic  charge  distribution  given  by 
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3(x,y,2)  -  a0(l+coaux>5 (z+t4)  (3) 

as  a  Junction  of  spatial  frequency  w.  This  approach  has  the  advantage  that  once  the 
solution  for  a  single  point  charge  has  been  obtained,  the  inherent  linearity  of  the 
Fourier  transform  may  be  utilized  to  solve  multiple  charge  cases  by  summation  of  single 
charge  solutions,  and  continuous  charge  distribution  cases  by  simple  integration. 

The  axial  symmetry  of  the  problem  can  be  exploited  by  transformation  to  cylindrical 
coordinates  0,3, z)  where  (;•?)  are  in  the  (x,y)  plane  and  z  is  the  longitudinal 
coordinate,  as  shown  in  Figure  1.  Since  the  problem  is  invariant  with  respect  to  the 
angular  coordinate  9,  the  rectilinear  two-dimensional  Fourier  transformation  becomes  a 
Hanul  transform.  The  voltage  across  the  electrooptic  crystal  can  then  be  written  in  the 
fo  :r : 


VO)  =  VO.-t^-VO.O)  *  ^  j  V(«)J0(wo)wdw  {♦) 

where  JgOa)  is  the  zeroth  order  Sessel  function  and  tu  is  a  radial  spatial  frequency  (14). 
Expressing  V(w)  as  a  Hankel  transform  leads  to  a  striking  simplification  of  the 
calculation,  since  the  Hankel  transform  of  the  delta  function  charge  distribution  (point 
charge)  is  a  constant.  Bence  the  difficulties  associated  with  discontinuities  in  the  real 
specs  boundary  conditions  due  to  charge  singularities  are  automatically  removed  in  Fourier 
space. 

The  real  space  potential  difference  VO)  ®ust  satisfy  Laplace's  equation  in  all  four 
regions  depicted  in  Figure  2,  and  must  also  satisfy  the  boundary  conditions  ate  boteh 
electrodes,  at  both  electrooptic  crystal/blocking  layer  interfaces,  and  at  the  plane 
defined  by  the  location  of  the  point  charge  (z*-t4).  Once  V(p)  is  determined,  V(u)  is 
easily  found  by  extracting  the  kernel  of  the  Henkel  transform  (10) ,  with  the  following 
result: 


VO) 

where 

anc 


(3) 


(6) 


b  ■  —  coth 

u 


.lfei 

\cw 


coth (-wtj)] 


Note  that  as  desired,  V(w)  is  e  function  of  the  elecerooptie  crystal  thickness  t^,  the 
dielectric  blocking  layer  thicknesses  t2  and  t2,  the  dielectric  constants  (M  and  of 
the  respective  layers,  as-'  well  as  on  the  location  of  the  point  charge  t4.  in  this 
calculation,  the  electrodes  are  both  assumed  to  be  grounded. 


In  the  special  case  and  t2"0,  the  problem  reduces  to  that  of  a  charge,  pattern 
confined  to  the  electrooptic  crystal/dielectric  layer  interface  of  a  two  layer  device, 
with 


in  agreement  with  the  solution  for  this  case  derived  previously  (9) 


The  modulation  transfer  function  (KTF)  relating  the  output  image  modulation  to  the 
input  image  modulation  may  be  obtained  from  the  expression  (9): 


MTF  -  i  Imax  "mini 

ra  2  ♦  i  .  I 

max  minj 
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where 


I 


out 


»fV{0) 


i 


m 


V(u> 

7T3T 


cosux 


I] 


(10) 


arc  -r.feta  t  is  the  spatial  modulation  index  of  the  imposed  charge  distribution,  v,/2  is 
tr.e  rl *c t coopt ic  crystal  half-wave  voltage,  and  V(0)  5  V (u»0)  .  Physically,  V(0)  is  the 
aver ii *  value  of  the  potential  difference  across  the  electrooptic  crystal  layer.  In 
E c.  ,  :  and  I _in  are  the  values  of  I  for  cosux»l  and  coswx«-l ,  respectively. 

Era-  Eg.  (it')',  it  can  be' seen  that  the  character  of  the  solution  for  each  case  is  fully 
expresses  by  V(w)  or  V(u)/V(0).  Since  the  MTF  for  a  given  device  will  be  both  exposure 
(V'C; !  and  modulation  (m)  dependent,  a  more  fundamental  indication  of  expected  device 
performance  is  obtained  by  presentation  and  discussion  of  the  un-normalized  [V(»)]  and 
nocsalized  [ V (u»> /V  (0) }  potential  difference  functions. 


Eefore  proceeding  to  a  detailed  presentation  and  interpretation  of  the  results,  it 
should  be  pointed  out  that  the  un-normalized  potential  differences  V(«j)  and  the  normalized 
functions  V(n)/V(0)  have  a  direct  interpretation  useful  for  both  comparison  of  distinct 
devices  of  different  constitutive  characteristics,  and  for  comparison  of  the  implications 
of  distinct  charge  distributions  within  a  given  device.  In  particular,  graphs  of  V(w)  as 
a  function  of  <**  parametrized  by  different  device  constitutive  properties  assume  egual 
exposure  conditions  (identical  charge  distributions),  while  graphs  of  V(w)/V(0)  assume 
optimum  exposure  conditions  for  each  compared  device  (i.e.  sufficient  exposure  for  each 
device  such  that  V(u)  is  optimized  in  the  limit  of  low  spatial  frequencies).  These  types 
of  comparisons  are  familiar  from  the  case  of  photographic  film,  where  the  typical 
resolution/ sensitivity  trade-off  forces  a  similar  comparison  of  film  properties  on  the 
basis  of  either  response  to  equal  exposure,  or  response  to  optimum  exposure. 

III.  Features  of  the  solution  for  discrete  charge  distributions 

The  nature  of  the  spatial  frequency  dependence  of  the  potential  difference  V(u)  can  be 
more  easily  appreciated  if  the  high  and  low  spatial  frequency  responses  are  examined. 
These  limiting  forms  are  given  by: 


{V(a)> 
u  —  0 


WVV'bi*! 


cm 


(V{«)} 


[-wA.  — tuAj-! 

*  “•  J 


(ebl+eeo) 


(12) 


where  and  Ay*t4.  The  parameters  Ai  and  a2  represent  the  distance  of  the  point 

charge  from  each  dielectric  blocking  layer/electrooptic  crystal  interface. 

Fro?.  Sc.  (11)  ,  it  is  apparent  that  the  low  spatial  frequency  limit  of  V(u)  depends  on 
the  leyer  thicknesses  and  dielectric  constants,  as  well  as  on  the  charge  location.  In 
particular,  if  we  consider  the  case  of  a  symmetric  device  (i.e.  a  device  with  two 
identical  blocking  layers) ,  V(w)  decreases  linearly  to  zero  and  then  increases  to  its 
initial  value  as  the  charge  moves  from  one  interface  to  the  other.  This  is  intuitively 
appealing  since  no  voltage  drop  is  expected  across  the  electrooptic  crystal  for  a  point 
charge  in  the  center  of  a  symmetric  device.  The  low  frequency  response  is  in  addition 
independent  of  spatial  frequency. 

The  high  frequency  limiting  form  of  V(w)  given  in  Eq.  (12)  is  a  function  only  of  the 
dielectric  constants  of  the  layers,  the  spatial  frequency,  and  the  distances  of  the  charge 
from  each  of  the  blocking  layer/crystal  interfaces.  If  the  point  charge  resides  on  either 
interface,  V(u)  falls  off  inversely  with  increasing  spatial  frequency.  For  even  small 
separations  of  the  charge  from  either  interface,  however,  the  high  spatial  frequencies 
will  zt  exponentially  attenuated.  Note  that  as  in  the  low  spatial  frequency  case,  V(w)  is 
zero  whan  the  charge  is  in  the  center  of  the  device. 

The  dependence  of  v(-„)  anc  V(a)/V(0)  on  the  dielectric  constant  of  the  blocking  layers 
(assured  identical)  is  shown  in  Figures  3  and  4,  respectively.  The  effect  of  increasing 
the  blocking  layer  dielectric  constant  is  seen  to  reduce  the  device  sensitivity  (see 
Figure  3),  while  increasing  the  high  spatial  frequency  response  for  optimum  exposure  in 
both  coses  (see  Figure  4).  Similarly,  the  effect  of  decreasing  the  blocking  layer 
thicxr.ess  reduces  the  device  sensitivity  but.  improves  the  relative  response  at  high 
spill)',  frequencies  (10).  In  Figures  3  and  4,  a  singla  point  charge  is  located  at  one  of 
the  dielectric  blocking  layer/electrooptic  cryseal  intar  faces. 
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The  solutions  for  cases  involving  multiple  point  charges  can  be  obtained  by  a  linear 
superposition  of  the  solutions  for  each  separate  point  charge.  In  particular,  the  effect 
of  an  electron-hole  pair  can  be  modeled  if  the  point  charges  are  assigned  opposite  signs. 
The  results  of  such  a  calculation  as  a  function  of  the  charge  separation  are  shown  in 
Figures  5  and  6.  In  this  calculation,  the  hole  and  electron  were  assumed  initially 
constrained  to  opposite  interfaces,  and  were  subsequently  displaced  symmetrically  into  the 
bul<  of  the  electrooptic  crystal  layer.  In  Figures  5  and  6,  each  curve  is  labeled  by  the 
positions  of  each  point  charge  according  to  the  following  convention:  the  electrooptic 
crystal  layer  is  500  um  thick  and  the  coordinate  pairs  labeling  each  curve  are  the  z 
coordinates  of  each  of  the  two  point  charges.  Thus  (S00,0)  represents  a  positive  charge 
at  the  z*— 500  um  interface  and  a  negative  charge  at  the  z*  0  -m  interface.  The  device 
parameters  ace  those  of  the  typical  PROM  configuration  shown  in  Figure  1.  From  Figure  5, 
it  is  observed  that  displacement  of  the  point  charges  away  from  the  dielectric  blocking 
layer/electrooptic  crystal  interfaces  strongly  degrades  the  high  spatial  frequency 
response,  and  in  addition  reduces  the  sensitivity  at  low  spatial  freauencies.  The 
exponential  modification  of  the  high  spatial  frequency  behavior  is  shown  more  clearly  in 
the  graphs  of  V(u)/V(0)  shown  in  Figure  6.  Cue  to  the  assumption  of  a  symmetric  device 
configuration  in  this  calculation,  it  should  be  noted  that  charges  of  opposite  siar 
symmetrically  placed  on  opposite  sides  of  the  electrooptic  crystal  layer  contribute 
equally  to  the  total  potential.  Thus  the  results  shown  in  Figure  6  for  the  dual  charge 
calculation  are  equally  applicable  to  the  case  of  a  single  charge  of  appropriate  sign 
placed  at  the  same  distances  from  either  interface  (i.e.  0,  50  and  100  um) . 

The  effects  of  asymmetric  charge  location  within  a  symmetric  PRCM  device  are  shown  in- 
figures  7  and  8.  A  positive  point  charge  is  located  at  one  dielectric  blocking 
layer/electrooptic  crystal  interface  (z*-500  um) ,  and  a  negative  point  charge  is  placed  at 
varying  distances  from  the  opposite  interface  (z»  o  um) .  The  device  constitutive 
parameters  are  those  shown  in  Pigure  1.  This  configuration  models  a  hypothetical  writina 
process  in  which  the  incident  illumination  is  characterized  by  a  large  absorption 
coefficient  so  that  the  (immobile)  hole  distribution  is  constrained  to  one  interface, 
while  the  electron  distribution  is  forced  into  the  bulk  electrooptic  layer  by  the  apol ted 
field.  The  resultant  charge  separation  will  thus  be  a  function  of  the  constitutive  device 
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figure  3.  Effect  of  dielectric  blocking 
layer  dielectric  constant  on  the  spatiel 
frequency  response  of  V(u).  A  symmetric 
PRCM  device  is  assumed,  with  geometric 
ar.d  constitutive  parameters  as  shown  in 
figure  1.  The  vertical  scale  is  arbitrary, 
but  is  the  same  for  figures  3,  5,  and  7. 
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figure  4.  Effect  of  dielectric  blocking 
layer  dielectric  constant  on  the  spatial 
frequency  response  of  V(u)/V(0). 
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properties  and  the  voltage  across  the  device  during  the  writing  cycle.  The  resultant  v<«) 
curve  for  the  case  of  the  negative  charge  at  the  opposite  interface  {labeled  "(0)"  in 
figure  7)  is  exactly  the  same  as  the  (0,500)  case  discussed  with  respect  to  figure  5.  As 
the  negative  charge  is  moved  in  from  the  interface  toward  the  center  of  the  crystal,  the 
#  response  at  high  spatial  frequencies  decreases  more  rapidly  at  first  than  the  response  at 
low  spatial  frequencies.  As  the  negative  charge  reaches  the  center  of  the  electrooctic 
crystaL  layer  (z*-250  um)  and  continues  to  approach  the  positive  charge,  the  response  at 
low  spatial  frequencies  decreases  faster  than  the  reduction  in  high  spatial  frecusr.cy 
response.  for  both  charges  in  the  same  half  of  the  electrooptic  crystal,  the  response 
characteristic  becomes  nonmonotonic,  as  can  be  seen  in  figure  7  and  even  more  graphically 
in  figure  5. 

®  This  remarkable  nonmonotonic  behavior  of  the  spatial  frequency  response  can  be 

explained  with  the  aid  of  figure  9,  which  details  the  contributions  of  each  charge  to  the 
total  potential.  In  figure  9(a),  the  signs  and  magnitudes  of  the  potential  contributions 
from  both  charges  are  positive,  and  the  resultant  potential  has  the  same  response 
characteristic  as  that  of  a  single  charge  positioned  at  an  interface.  In  figure  9(b),  the 
negative  charge  is  125  um  (one  quarter  of  the  electrooptic  crystal  thickness)  from  the 
interface,  and  hence  contributes  a  reduced  low  spatial  frequency  response  and  an 
0  exponentially  attenuated  high  spatial  frequency  response.  At  the  center  of  the  crystal, 
the  negative  charge  does  not  contribute  to  the  potential  due  to  symmetry,  and  the  form  of 
the  frequency  response  is  the  same  as  that  for  a  single  point  charge  at  an  interface  fas 
shown  in  figure  9(c)).  The  most  interesting  case  is  shown  in  figure  9(d),  in  which  the 
charge  separation  is  one  quarter  of  the  electrooptic  crystal  thickness.  Here  the 
contributions  to  the  total  potential  from  both  charges  have  opposite  signs.  This 
situation  is  equivalent  to  taking  the  difference  between  the  V(u)  curves  for  two  positive 
^  charges  at  the  same  locations,  as  shown  in  the  Figure.  The  nonmonotonic  behavior  is  thus 
seen  to  arise  directly  from  the  exponential  attenuation  of  the  high  spatial  frequency 
components  of  the  potential  due  to  the  negative  charge. 
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Figure  5.  Effect  of  longitudinal  charge 
position  within  the  electrooptic  crystal 
layer  on  the  spatial  frequency  response 
of  V ( „) .  in  each  case,  two  point  charges 
of  opposite  sign  are  symmetrically  placed 
relative  to  the  center  of  the  device. 

Each  curve  is  labeled  by  the  distance  in 
um  of  the  (negative,  positive)  charge  from 
the  electrooptic  crystal/dielectric 
blocking  layer  interface  at  Oum. 


Figure  6.  Effect  of  longitudinal  charge 
position  within  the  eleetrooptic  crystal 
layer  on  the  spatial  frequency  response 
of  V(u»)/V(0).  Note  the  marked  attenuation 
of  the  high  spatial  frequency  response  as 
the  charges  are  increasingly  displaced 
from  their  respective  interfaces. 
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Features  of  the-  solut ion  for  continuous  charge  distributions 


As  in  the  cases  involving  multiple  point  charges,  the  solutions  for  cases  involving 
continuous  charge  distributions  can  be  obtained  by  superposition  due  to  the  inherent 
linearity  of  the  Fourier  (Hankel)  transform.  Consider  an  arbitrary  charge  distribution 
z'z)  confined  to  the  bulk  of  the  electrooptic  crystal  layer  (-ti£zjC0  in  Figure  2).  In  the 
case  of  the  PROM,  wherein  charge  redistribution  is  effected  either"~by  electron-hole  pair 
generation  or  by  photon-assisted  detrapping,  charge  neutrality  must  be  enforced  such  that: 

/ 

/  o ( z ) dz  -  0.  (13) 
y“fcl 

Such  an  assumption  will  not  apply  explicitly  in  cases  involving  electron-beam  addressed 
electrooptic  spatial  light  modulators.  The  contribution  to  the  Fourier  component  V(w)  of 
the'  overall  potential  difference  across  the  electrooptic  crystal  layer  from  the  charqe 
density  at  a  given  longitudinal  coordinate  z  will  be  weighted  by  the  Fourier  component 
V(i»  ,z)  generated  by  a  point  charge  at  the  same  longitudinal  coordinate.  Hence  the  total 
integrated  response  is 


u 

j ^  P(z)V 


(w,z)dz. 


This  relation  can  be  readily  utilized  to  calculate  the  spatial  freauency  response 
resulting  from  any  arbitrary  charge  distribution  function.  In  particular,  the  process  of 
photogene rated  electron-hole  pair  generation  and  field-induced.  separation  is  of 
considerable  interest  since  it  describes  the  response  of  the  electrooptic  spatial  light 
modulator  to  optical  exposure.  By  way  of  illustration,  such  a  writing  process  may  be 
simply  modeled  as  shown  schematically  in  Figure  10  by  assuming  an  immobile  exponential 
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Figure  7 .  Effect  of  asymmetric  charge 
locations  on  the  spatial  frequency  response 
of  V(_).  A  positive  charge  is  located  at 
the  z»  -SOOum  electrooptic  crystal/ 
dielectric  blocking  layer  interface.  Each 
curve  is  labeled  by  the  distance  in  vm  of 
a  negative  charge,  from  the  electrooptic 
crystal/dielectric  blocking  layer  interface 
at  z*  0-a. 


Figure  B.  Effect  of  asymmetric  charge 
locations  on  the  spatial  frequency  response 
of  V(w)/V(0).  Note  the  nonmonotonic 
behavior  of  V(u)/V(0)  when  both  charges  are 
in  the  same  half  of  the  electrooptic 
crystal.  The  curves  for  the  negative  charge 
at  z«  Oum  and  *■  -  250um  are  identical. 
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hole  distribution  given  by  (for  in  Figure  10) 

Ph(z)  *  Oh  exp(-az) 

corresponding  to  the  absorption  profile  of  the  writing  illumination ,  and  a 
electron  distribution  given  by 
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•15) 

gaussian 

'16) 


such  that  the  total  charge  density  is  P(z)*  Ph(z)  ♦ 


— -  V(w)  ■  V^(<u)  ♦  V_(ui) 

-  V>(w)  ( ♦Q  CONTRIBUTION) 

*  •  •  *  V.M  (*Q  CONTRIBUTION) 


Figure  9.  Schematic  explanation  of  the  effect  of  asymmetric  charge  locations  on 
the  spatial  frequency  response  of  V(w)  and  V(u)/V(0).  (a)  Both  charges  are  at 
their  respective  interfaces;  thus  V+(«)  •  V_(u>),  and  the  total  V(w)  is  simply 
twice  the  potential  difference  expected  for  a  single  point  charge  (V(u) *274.(14) ) . 
(b)  Here  the  negative  charge  is  displaced  from  the  interface,  exponentially 
attenuating  the  high  spatial  frequency  response  of  V. (w) .  The  sum  of  the  terms 
due  to  each  charge  thus  decreases  monotonically ,  with  diminished  high  spatial 
frequency  response  relative  to  case  (a)  (see  Figure  10).  (c)  The  negative  charge 

is  placed  at  the  center  of  the  symmetric  PROM.  Hence,  it  does  not  contribute  to 
V (u)  and  V(«)  *  V+(w).  (d)  The  negative  charge  is  in  the  same  half  of  the 

crystal  as  the  positive  charge;  the  total  V(w)  can  be  obtained  by  talcing  the 
difference  between  V+{v)  and  -V_(w),  since  V+('.i>)  and  V_  (..)  have  opposite  signs. 
Sines  V+U)  and  V-(jj)  decrease  at  unequal  rates,  V(ui)  no  longer  decreases 
monotonically. 
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The  assumption  of  analytic  forms  for  Pj,(*>  and  oe(z)  allows  the  total  integrated 
response  (Eq.  (14))  to  be  evaluated  numerically  in  a  straightforuaro  manner.  The  results 
of  two  such  calculations  are  presented  in  Figure  11.  The  curve  labeled  (140;80,4C0i 
represents  an  exponential  hole  distribution  of  characteristic  width  (1/e  point)  71.4  _e, 
and  a  electron  distribution  centered  at  400  um  with  a  characteristic  width  of  ®o  „r. 
These  distributions  produce  a  spatial  frequency  response  exhibiting  monotonic  behavior  as 
expected  from  the  discussion  relating  to  Figure  9.  since  the  majority  of  electrons  and 
holes  are  on  opposite  sides  of  the  electrooptic  crystal  layer  .  The  curve  labeled 
(230;40,50)  represents  an  exponential  hole  distribution  of  width  25.7  _m,  and  a  gaussian 
electron  distribution  centered  at  50  uo  of  width  40  ua.  Here  the  electrons  and  holes  are 
primarily  on  the  same  side  of  the  electrooptic  crystal  layer,  giving  rise  to  striking 
nonmonotonic  behavior  of  the  spatial  frequency  response.  The  response  for  two  point 
charges  located  at  opposite  interfaces  is  reproduced  for  comparison. 


Note  that  in  both  cases  shown  in  Figure  11,  the  high  spatial  frequency  response 
decreases  more  rapidly  than  the  dependence  predicted  from  the  single  point  charge 

analysis  for  charges  confined  to  the  interfaces,  and  yet  does  not  decrease  as  rapidly  as 
the  exp(-u&)  dependence  predicted  for  point  charges  in  the  bulk  away  from  the  interface. 
This  behavior  can  be  understood  by  reference  to  Figure  12,  which  schematically  illustrates 
the  form  of  the  integrand  in  Eq.  (14).  Since  V(u,z)  decreases  exponentially  from  its 
interface  values  as  the  distance  from  either  interface  increases,  charges  near  the 
interfaces  are  preferentially  weighted  in  the  summation.  In  the  limit  of  large  spatial 
frequencies,  the  limiting  form  of  V(w,z)  given  in  Eq.  12  may  be  employed.  Hence 
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Figure  10.  Example  of  an  analytic 
longitudinal  charge  distribution 
representing  exposure- induced  charge 
separation.  The-  assumed  hole 
distribution  is  described  by  an 
exponential  absorption  profile  0h<>) 
with  absorption  coefficient  a.  The 
electron  distribution  oc(z)  is 
gaussian  with  width  o  centered  at 
z«Z0- 
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Figure  11.  Effect  of  analytic 
longitudinal  charge  distribution 
parameters  on  the  spatial  frequency 
response  of  V(u.)/V(0).  The  response 
for  the  case  of  point  charges  at 
opposite  interfaces  (0,500)  is 
presented  for  comparison. 
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Thus  2;  lar <39  spatial  frequencies,  the  response  decreases  as  ,  and  the  absolute 
sensitivity  depends  only  on  the  charge  densities  at  or  near  the  dielectric 
layer/eleccrooptic  crystal  layer  interface.  Since  this  relation  holds  true  independent  of 
the  assumed, z  dependence  of  the  charge  density,  both  cases  described  above  are  expected  to 
approach  asymptotically,  as  confirmed  by  reference  to  figure  11.  Further  support  for 
this  prediction  is  provided  by  experimental  measurements  of  the  modulation  transfer 
function  is  PRCM  structures  (1,16),  which  also  indicate  asymptotic  behavior  proportional 
to  ->“2 .  It  should  be  noted  that  the  shape  of  the  longitudinal  charge  distribution 
influences  the  onset  of  the  high  spatial  frequency  regime,  such  that  distributions 
primarily  confined  to  the  interfaces  will  approach  the  u~2  asymptote  at  higher  spatial 
frequencies  than  those  distributions  extending  significantly  into  the  bulk  electrooptic 
crystal  layer. 


A  more  refined  estimate  of  the  device  spatial  frequency  response  resulting  from  optical 
exposure  may  be  obtained  from  iterative  solutions  of  the  charge  transport  equations  under 
simulated  exposure  conditions  (13).  Charge  distributions  so  obtained  are  subject  to  the 
assumptions  that  the  minority  carrier  lifetime  is  independent  of  minority  carrier  density, 
that  diffusion  terms  in  the  transport  equations  can  be  neglected,  and  that  the  variation 
in  the  electric  field  during  the  charge  migration  comprising  each  iteration  can  be 
neglected.  In  addition,  it  is  important  to  include  the  effects  of  finite  electrooptie 
crystal  layer  thickness  and  to  enforce  self-consistency  between  the  incremented  charge 
distribution  and  the  resultant  electric  field  distribution  at  each  iteration  stage  (IS), 
in  contrast  to  the  method  proposed  in  Ref.  (13). 


Sample  charge  distribution  results  corresponding  to  exposure  wavelengths  of  450  nm  and 
375  nm  for  device  constitutive  properties  as  described  in  Figure  1  are  shown  in  Figure  13. 
The  absorption  coefficients  (a»30  cm"1  9  1*450  nm;  a*830  cm-1  9  1*375  nm)  are  such  that 
the  375  nm  case  is  characterized  by  close  confinement  of  the  hole  distribution  near  the 
input  interface  with  shallow  electron  penetration  into  the  bulk,  whereas  the  450  nm  case 
is  characterized  by  significant  electron-hole  pair  generation  throughout  the  electrooptic 
crystal  layer,  resulting  in  a  sizeable  accumulation  of  electrons  at  the  far  interface,  as 
shown  in  Figure  13. 
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Figure  12.  Origin  of  w“2  asymptotic  behavior  for  continuous 
charge  distribution  cases.  The  total  response  V(w)  at  high 
spatial  frequencies  is  given  by  the  integral  throughout  the 
electrooptic  crystal  layer  of  the  high  frequency  form  (Eq.  12) 
of  V(w,z)  weighted  by  the  charge  density  0(z).  In  the  limit 
of  large  w,  the  exponential  attenuation  with  z  of  V(w,z) 
emphasizes  the  contribution  from  charges  at  or  near  the 
respective  interfaces. 
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The  spatial  frequency  responses  calculated  from  these  widely  disparate  charge 
distributions  are  shown  in  Figure  14.  As  expected,  the  closely  confined  charge  in  the  375 
nm  case  produces  a  nonmonotonic  spatial  frequency  response,  whereas  the  volume  excitation 
present  in  the  450  ran  case  generates  a  monotonic  frequency  response.  This  situation  is 
quite  similar  to  that  described  previously  with  reference  to  the  exponential/gaussian 
analytic  distribution  cases.  Cne  interesting  feature  of  the  450  nm  case  is  the  presence 
of  a  large  density  of  accumulated  electrons  at  the  z»te<?  interface  (due  to  the  fact  that 
the  drift  length  is  of  the  same  order  as  the  crystal  thickness)  (see  Figure  13).  The  high 
spatial  frequency  response  of  such  a  highly  confined  charge  density  at  an  interface  is 
expected  to  decrease  nearly  as  w”1  (see  Ea.  12)  at  intermediate  spatial  frequencies, 
approaching  the  required  w"2  asymptote  only  at  extremely  high  spatial  frequencies.  This 
contribution  is  evident  in  Figure  14,  inasmuch  as  the  X*450  nm  asymptote  lies  between  W-1 
and  -"2  over  the  spatial  frequency  range  shown.  Similar  limiting  behavior  is  evident  in 
the  '■* 375  nm  case,  due  to  the  close  confinement  of  the  hole  distribution  to  the  z»0 
interface. 


V.  Device  implications 


The  dependence  of  the  spatial  frequency  response  on  the  dielectric  constants  and 
thicknesses  of  the  dielectric  blocking  layers  (as  shown  in  Figures  3  and  4,  and  in 
Figures  5  and  6  of  Ref.  (10))  indicates  that  new  FROM  devices  can  be  envisioned  with 
modulation  transfer  functions  constant  to  much  higher  spatial  frequencies  than  are 
characteristic  of  presently  available  devices.  Gains  in  PTP  behavior  due  to  choice  of 
dielectric  blocking  layer  properties  will  be  accompanied  by  an  overall  reduction  in  device 
sensitivity.  Such  new  devices,  however,  would  provide  significantly  improved  image 
fidelity  and  resolution  in  applications  where  requirements  on  device  sensitivity  can  be 
relaxed,  similar  to  the  familiar  tradeoff  in  the  case  of  photographic  film.  Tn  order  to 
improve  PP.CM  resolution,  high  dielectric  constant,  high  dielectric  breakdown  strength, 
high  resistivity  dielectric  blocking  layers  are  required. 
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Ficure  13.  Longitudinal  charge 
cistrtnutions  o(z)  calculated  numerically 
using  an  iterated  electron  drift  model 
for  two  exposure  wavelengths  (and 
corresponding  absorption  coefficients) . 
Curves  A  and  B  result  from  exposure 
wavelengths  of  450  nm  and  375  nm, 
respectively.  The  left  and  lower 
scales  correspond  to  curve  A,  while 
the  right  and  upper  scales  correspond 
to  curve  3. 
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Figure  14.  Normalized  frequency 
responses  V(w)/V(0)  for  the  calculated 
longieudinal  charge  distributions  of 
Figure  13.  The  normalized  response 
of  point  charges  at  tha  two  interfaces 
is  included  for  comparison. 
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The  effect  of  exposure- induced  charge  distribution  throughout  the  bulk  of  the 
electrooptic  crystal  layer  is  seen  to  have  an  adverse  effect  on  the  high  spatial  frequency 
response  characteristics  of  the  image  storage  process.  The  optimum  resolution  and 
sensitivity  within  a  given  PRCM  device  structure  are  obtained  when  the  hole  distribution 
is  constrained  to  the  interface  nearest  the  negative  electrode,  and  the  entice  electron 
distribution  is  swept  to  the  interface  nearest  the  positive  electrode  during  the  writing 
cycle.  The  actual  resolution  and  sensitivity  obtained  for  a  given  device  are  thus 
serenely  dependent  on  the  absorption  coefficient  of  the  electrooptic  layer  at  the  writing 
ill  urination  wavelength,  on  the  external  applied  voltage  and  voltage  division  between  the 
multiple  layers  during  the  writing  cycle,  and  on  the  mobility-lifetime  product  of 
phococeneracec  electrons  in  the  electcooptic  crystal.  Such  bulk  charge  distribution 
effects  will  also  strongly  affect  the  resolution  and  sensitivity  for  cases  where  the 
image-wise  modulated  charge  pattern  is  induced  by  high  energy  electron  beam  (6)  and  x-ray 
(5)  sources. 

VI.  Summary 


A  generalized  expression  for  the  spatial  frequency  response  of  a  three  layer 
electcooptic  spatial  light  modulator  is  presented,  which  gives  explicitly  the  dependence 
of  the  response  on  the  thicknesses  and  dielectric  constants  of  the  layers,  and  on  an 
arbitrary  longitudinal  charge  position  within  the  electrooptic  crystal  layer.  This 
solution  is  applied  specifically  to  the  case  of  the  Pockels  Readout  Optical  Modulator 
(PRCM)  ,  wherein  the  importance  of  the  inclusion  of  bulk  charge  distribution  effects  is 
clearly  demonstrated.  These  results  are  extended  to  several  cases  involving  continuous 
longitudinal  charge  distributions,  including  both  analytic  (exponential  hole/gaussian 
electron)  and  iterative  (exposure- induced)  charge  density  functions.  The  spatial 
frequency  response  in  the  continuous  distribution  cases  reflects  the  essential  features  of 
the  point  charge  solutions.  The  generalized  formulation  developed  herein  can  be  utilized 
to  model  specific  device  operational  modes  and  writing  cycle  parameters.  Application  to 
other  ESLM's  with  anisotropic  electrooptic  materials  exhibits  device  geometric, 
constitutive,  and  charge  distribution  effects  similar  to  those  described  herein  (15). 
Research  on  the  implications  of  including  two-dimensional  charge  diffusion  effects  during 
the  writing  process  is  currently  in  progress. 

Appendix  I.  Transverse  contribution  to  PROM  electrooptic  effect 

The  contribution  to  the  electrooptic  effect  of  the  electric  field  components  transverse 
to  the  light  propagation  direction  can  be  determined  by  consideration  of  the  index 
ellipsoid.  For  a  crystal  of  Z23  symmetry  such  as  Bij^SiO^  th®  onlV  nonzero  electrooptic 
coefficients  are  (in  the  usual  contracted  notation) 

r41  M  r52  "  r63  (A“l) 

If  the  longitudinal  direction  (corresponding  to  both  the  direction  of  the  applied  field 

and  the  direction  of  light  propagation)  is  taken  to  be  the  z-axis,  then  the  transverse 

field  components  E  and  E  modify  the  index  ellipsoid  such  that 
x  y 
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where  the  longitudinal  field  Ez  is  taken  to  be  zero  for  simplicity,  and  no  i*  the  zero 
field  index  of  refraction.  Zn  the  usual  P,ROM  geometry,  the  light  propagation  direction 
is  along  the  crystallographic  <001>  axis.  The  polarization  eigenstates  are  determined  by 
the  intersection  of  the  ellipsoid  with  the  plane  normal  to  the  light  propagation  direction 
(z  »  0  plane),  which  is  described  by 


4- 


(A-3) 


Since  the  intersection  is  circularly  symmetric,  the  transverse  fields  E  and  Ey  do 
not  contribute  to  the  electrooptic  effect  for  light  propagating  along  *the  z  axis. 
Consequently,  only  the  longitudinal  component  of  the  electric  field  need  be  considered  in 
calculating  the  field  induced  birefringence. 
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Abstract 


Several  candidate  real  time  spatial  light  nodulator  technologies  for  conerent  optical 
processing  applications  are  reviewed.  Physical  principles  of  operation  are  described,  as 
are  current  technological  and  fundamental  physical  limitations  on  device  performance.  A 
number  of  promising  directions  for  current  and  future  research  on  spatial  light  modulators 
are  presented. 


I.  Introduction 

Following  the  advent  of  the  laser,  and  directly  stimulated  by  its  ready  availabil  ity, 
tremendous  progress  has  been  achieved  during  the  past  two  decades  in  the  development  of 
conerent  and  incoherent  optical  processing  techniques.  However,  the  many  advantages  of 
two-dimensional  parallel  processing  are  not  fully  exploitable  in  image  and  data  processing 
systems  without  the  availability  of  appropriate  real  time  spatial  lignt  modulators. 
A1 enough  a  wide  range  of  candidate  spatial  light  modulator  technologies  nave  been  proposed 
and  extensively  researched  and  developed,  no  Single  candidate  has  as  of  yet  emerged  that  at 
once  satisfies  the  system  requirements  of  low  cost,  reliability,  and  ease  of  operation  wnile 
simultaneously  exhibiting  the  requisite  tecnnlcal  performance  characteristics  demanded  by 
increasingly  complex  optical  processing  applications. 

Several  factors  have  primarily  contributed  to  the  present  gap  between  the  level  of 
sophistication  of  optical  processing  techniques  snd  the  development  status  of  spatial  light 
modulators  necessary  for  real  time  Implementations  of  such  techniques.  First  and  foremost, 
device  research  and  development  is  Inherently  expensive  due  to  large  capital  equipment 
requirements,  necessary  parallel  research  and  development  efforts  in  growth,  deposition,  and 
cnaracterization  of  materials,  and  multiple  iterations  of  device  design  on  the  basis  of 
operational  characterization  and  application-dependent  criteria.  To  date,  the  prospective 
market  for  such  devices  nas  not  generally  been  viewed  as  large  enough  to  encourage  the  type 
of  major  investments  that  stimulated  rapid  progress  in  such  sreas  as  information  displays 
and  solid  state  lasers.  An  added  complication  arises  from  the  fact  that  all  of  the  current 
candidate  spatial  light  modulators  are  active  devices,  and  as  such  require  extensive 
parametric  characterization  coupled  with  comprehensive  understanding  of  the  fundamental 
device  physics  for  optimum  results  in  diverse  applications.  Major  progress  in  botn  of  these 
areas  has  been  a  relatively  recent  development.  Finally,  it  has  become  increasingly 
apparent  that  no  single  spatial  light  modulator  (at  least  of  those  presently  envisioned)  is 
capable  of  satisfying  the  wide  range  of  at  times  conflicting  demands  stemming  from  the  great 
diversity  of  proposed  real  time  optical  processing  applications. 
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In  the  past  few  years,  research  has  been  initiated  in  a  number  of  laboratories  on  the 
pnysical  principles  of  operation  of  generic  classes  of  spatial  light  modulators,  on  tne 
requisite  materials  technologies,  on  methods  of  device  character i zstion  and  analysis,  and  on 
new  types  of  spatial  light  modulators  for  special  applications.  Such  researen  has 
demonstrated  encouraging  results,  particularly  in  the  areas  of  increased  physical 
understanding  of  optimum  device  operational  modes  and  design  parameters,  and  of  novel  device 
technologies. 

In  view  of  the  numerous  extensive  reviews  of  spatial  light  modulators  that  nave  already 
been  published  (1-7)  the  purpose  of  this  paper  is  to  present  a  survey  of  recent  results  in 
tne  research  areas  described  above.  In  particular,  emphasis  will  be  placed  on  our  present 
understanding  of  some  of  the  fundamental  physical  limitations  inherent  in  several  of  tr.e 
more  promising  spatial  light  modulator  technologies.  In  succeeding  sections  of  tnis  paper, 
performance  parameters  of  spatial  light  modulators  are  briefly  described  with  empnasis  on 
several  difficulties  Inherent  in  such  performance  evaluation  and  specification.  Current 
progress  in  three  major  types  of  spatial  light  modulators  (electrooptic,  liquid  crystal,  and 
photorefractive)  is  then  described,  finally,  some  future  directions  for  researen  in  aeveial 
of  these  areas  are  suggested. 
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II.  Performance  Evaluation  of  Spatial  Light  modulators 


A  wide  range  of  potential  applications  exists  for  real  time,  recyclable  spatial  light 
modulators  in  systems  implementations  of  conerent  optical  processing  techniques.  These 
applications  include  use  as  the  input  incoherent-to-coherent  image  transducer  in  optical 
correlators  and  convolvers,  programmable  Fourier  plane  filters,  ser ial-to-parallel 
(two-dimensional)  buffer  memories,  page  composers  for  holographic  memories,  real  time 
holographic  recording  media,  and  holographic  Fourier  plane  filters.  In  addition,  many 
optical  processing  applications  demand  considerable  image  preprocessing,  including  contrast 
variation,  contrast  enhancement,  contrast  reversal,  edge  enhancement,  image 
addition/subtraction,  thresholding,  level  slicing,  and  minimization  or  elimination  of  the 
zeroth  diffracted  order  in  the  Fourier  plane. 


Performance  evaluation  of  each  of  the  candidate  spatial  light  modulator  technologies 
is  complicated  by  the  innerently  diverse  requirements  demanded  by  such  a  wide  range  of 
applications  and  desirable  features.  A  number  of  performance  parameters  important  in 
coherent  optical  processing  applications  are  presented  in  Table  I.  This  listing 
characterizes  device  parameters  required  for  primarily  ‘linear*  applications,  in  whicn  the 
SLn  output  amplitude  is  optimally  a  linear  function  of  tne  input  intensity.  Additional 
parameters  should  be  added  for  characterization  of  SLM's  designed  for  'nonlinear* 
applications.  Including  ideality  of  the  implemented  nonlinear  function  (e.q.,  logarithmic 
for  homomorphic  filtering,  or  step  for  thresholding),  programmability  of  the  nonlinearity 
(e.g.,  variable  level  slicing),  extended  resolution  requirements  (e.g.,  halftoning)  and  the 
necessity  for  post-modulator  thresholding  (i.e.,  electronic  or  optical). 


TABLE  I:  PERFORMANCE  PARAMETERS  FOR  SPATIAL  LIGHT  MODULATORS: 
‘LINEAR*  APPLICATIONS. 


linearity 
sensitivity 
resolution;  MTF 
contrast 

address  mechanism 

write/read  wavelengths 

erase  mechanism 

grey  scale  (dynamic  range) 

storage  capability/time 

phase  or  amplitude  readout 

Fourier  plane  signal-to-noise  ratio 


cycle  time 
optical  quality 
optical  uniformity 
phase  dependence 
operational  complexity 
fabrication  complexity 
lifetime 
cost 

special  features 
reciprocity  behavior 


The  difficulty  of  side-by-side  comparison  of  SLM's  is  readily  apparent  from  tne 
considerable  number  of  characteristics  presented  in  Table  I.  The  suitability  of  an 
individual  SLM  also  depends  critically  on  the  particular  application  for  which  it  is 
envisioned.  Furthermore,  data  describing  several  of  these  performance  parameters  can  be 
highly  misleading  due  to  differences  in  definition  and  measurement  techniques  (1,8).  For 
example,  device  sensltometry  (linearity  and  sensitivity) ,  resolution  (modulation  transfer 
function) ,  Fourier  plane  signal-to-noise  ration,  uniformity  (global  vs.  local) ,  and 
exposure-dependent  phase  present  particular  complications  in  specification  and 
interpretation.  Sensitometry,  resolution,  and  exposure-dependent  phase  depend  on  a  wide 
range  of  parameters  (Including,  for  example,  wavelength  input,  exposure  magnitude,  exposure 
pulse  duration,  operational  mode  (biasing  conditions),  readout  mode,  magnitude  of  baseline 
subtraction)  since  SLM's  are  truly  active  devices.  Resolution  (MTF)  specifications  also 
depend  strongly  on  the  measurement  teennique  and  analytical  method  employed  (8)  due  to 
physical  differences  in  device  response  to,  for  example,  holographic  fringe  exposure  as 
opposed  to  incoherent  grating  exposure  at  a  given  wavelengtn.  Measurement  of  Fourier  plane 
signal-to-noise  ratio  and  device  uniformity  are  largely  dependent  on  defect  densities  that 
vary  greatly  from  device  to  device  due  to  lack  of  appropriate  manufacturing  process  control. 


The  problems  noted  above  with  regard  to  accurate  parametric-  and  application-dependent 
characterization  of  SLM’s  are  by  no  means  insurmountable.  Ratner,  they  point  out  tne 
importance  of  continued  advances  in  the  fundamental  physical  understanding  of  device  design 
and  operation.  As  will  be  illustrated  in  several  cases  below,  such  improved  understanding 
can  indicate  optimum  design  criteria,  new  operational  modes,  and  new  applications  for 
traditional  SLM's,  as  well  as  provide  direction  for  the  development  of  novel  SLm 
technologies. 


In  the  following  three  sections,  current  progress  in  eacn  of  three  categories  of 
spatial  light  modulators  is  hignlighted,  with  emphasis  on  the  physical  principles  of  device 
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operation,  principal  advantages  and  disadvantages  for  potential  applications,  and  where 
appropriate  on  current  technological  vs.  fundamental  limitations  of  device  performance. 
The  scope  of  this  paper  is  necessarily  limited,  and  the  goals  are  to  describe  recent  results 
that  demonstrate  the  importance  of  advances  in  device  understanding  on  SLM  pperation,  as 
well  as  to  point  out  a  number  of  promising  novel  SLM  technologies.  This  focus  has 
necessitated  some  selectivity  in  the  types  of  devices  treated.  Spatial  light  modulators 
based  on  thermoplastic,  deformable  oil  film,  deformable  membrane,  electrooptic  ceramics 
(PLZT),  magnetooptic,  photochromic  and  photodichroic  effects  nave  been  reviewed  previously 
(see  Refs.  1-7).  In  Section  111,  progress  in  electrooptic  spatial  light  modulators  is 
described,  including  the  Pockels  Readout  Optical  Modulator  (PROM),  the  MicroChannel  Spatial 
Light  Modulator  (MSLM) ,  and  the  photo-  and  electron  beam-DKDP  devices.  Section  IV  covers 
recent  advances  in  liquid  crystal  spatial  light  modulators,  including  the  hybrid  fielo 
effect  liquid  crystal  light  valve  (LCLV),  the  Si-addressed  LCLV,  and  the  newly  developed 
CCO-addressed  LCLV.  In  addition,  two  novel  liquid  crystal  devices  are  described  for 
nonlinear  processing  applications:  the  multiple  period  LCLV  for  parallel  A/D  conversion  and 
the  variable  grating  mode  liquid  crystal  device  for  implementation  of  arbitrary  point 
nonlinearities  and  optical  logic  and  computing  applications.  Photoref ractive  effect  spatial 
light  modulators  for  applications  in  correlation/convolution,  edge  enhancement, 
double-exposure  holographic  testing,  and  phase  conjugate  image  generation  are  described  in 
Section  V. 

III.  Electrooptic  Spatial  Light  Modulators 

Electrooptic  spatial  light  modulators  (ESLM's)  have  been  Investigated  for  numerous 
applications  in  coherent  optical  signal  processing,  including  the  Pockels  Readout  Optical 
Modulator  (PROM)  (9),  the  MicroChannel  Spatial  Light  Modulator  (MSLM)  (10,11),  the  electron 
beam-OKOP  SLM  (TITUS)  (12,13),  and  the  photo-OKOP  SLM  (PHOTOTITUS)  (14,  IS).  Such  devices 
record  two-dimensional  image  information  in  the  form  of  a  charge  pattern  which  modulates  the 
voltage  across  an  active  (electrooptic)  single  crystal  layer.  The  charge  pattern  is 
typically  induced  either  by  intensity  modulation  of  light  Incident  on  a  photoconductive 
layer,  or  by  direct  electron  beam  charge  deposition.  More  recently,  image  storage  in  ESLM's 
has  been  accomplished  by  exposure  to  x-ray  sources  (13,16)  and  by  high  energy  beam  charge 
Implantation  (13,17).  In  each  case,  the  image-wise  modulated  voltage  is  sensed  using 
polarized  light  by  means  of  the  linear  electrooptic  effect. 

Since  all  four  of  these  electrooptic  spatial  light  modulators  have  a  number  of  similar 
operational  features,  the  description  of  their  essential  characteristics  will  be  simplified 
by  examining  the  physical  operation  of  the  PROM  first  as  an  example,  followed  by  discussions 
of  each  of  the  other  devices. 

III.l  Pockels  Readout  Optical  Modulator  (PROM) 

A  schematic  diagram  of  a  typical  PROM  structure  is  shown  in  Figure  1.  The  device  is 
comprised  of  a  photoconductive,  electrooptic  crystal  wafer  (Bl12sio20)  sanawicned  between 
two  thin  dielectric  blocking  layers.  The  blocking  layers  are  coated  with  transparent 
electrodes.  The  operation  of  the  PROM  is  shown  schematically  in  Figure  2.  A  voltage 
(typically  2  kV)  is  applied  to  the  device,  dividing  between  the  dielectric  and  electrooptic 
layers  in  Inverse  proportion  to  the  capacitance  of  each  layer.  A  pulse  of  uniform  uv 
illumination  generates  free  electron-hole  pairs  which  are  subsequently  separated  by  the 
applied  field.  Since  the  mobility-lifetime  product  of  electrons  is  much  larger  than  for 
holes  in  BI12SIO20,  illumination  of  the  negative  electrode  provides  the  most  efficient  field 
reduction  per  absorbed  photon.  In  this  ‘erase/prime*  step  (Figure  2),  sufficient  uv 
illumination  is  provided  to  effectively  cancel  the  internal  field  in  the  BSO  layer.  Note 
that  the  dielectric  blocking  layer  thicknesses  must  be  sufficient  to  withstand  1/2  vapp. 
When  the  applied  bias  vaop  is  now  reversed,  the  applied  field  and  the  field  due  to  the 
stored  (displaced)  charges  add  rather  than  cancel,  resulting  in  approximately  2V  dropped 
across  the  BSO  layer.  Illumination  from  the  negative  electrode  side  with  image-wise 
modulated  blue  light  causes  electron-hole  pair  generation  and  subsequent  charge  separation 
at  a  rate  proportional  to  the  Incident  intensity  at  each  location,  giving  rise  to  a 
reduction  in  voltage  across  the  electrooptic  crystal  in  Illuminated  regions.  Since  in  tne 
absence  of  illumination  (subsequent  to  the  writing  process)  the  dielectric  relaxation  time 
(c.c0p)  of  bismuth  silicon  oxide  is  unusually  large  (of  order  several  thousand  seconds),  tne 
electron  distribution  is  trapped  in  the  bulk;  hence,  the  written  charge  distribution  is 
stored.  The  resultant  two-dimensional  voltage  distribution  induces  a  birefringence  (tnrough 
the  linear  longitudinal  electrooptic  effect)  which  alters  the  polarization  of  linearly 
polarized  readout  light  oriented  to  bisect  the  principal  blrefringent  axes,  prooucing  an 
image-wise  modulated  amplitude  when  viewed  through  a  crossed  analyzer  (see  Figure  3).  Tne 
readout  amplitude  transmitted  through  a  PROM  between  ideal  crossed  polarizers  may  De 
expressed  as 
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A(x.y)  U, 
/I  '  iv\/2  ’ 

where  Aq  is  the  incident  readout  light  amplitude,  V^,2  is  the  half-wave  voltage  of  the 
electrooptic  crystal,  and  V(x,y)  is  the  voltage  across  the  electrooptic  crystal  at  image 
coordinate  (x,y).  It  should  be  noted  that  in  the  above  expression  it  is  assumed  that  the 
readout  wavelength  and  intensity  are  chosen  such  that  insignificant  photoconduct ive  charge 
redistribution  occurs,  and  the  effects  of  natural  optical  activity  in  the  bismuth  silicon 
oxide  crystal  may  be  neglected  (18,19).  Thus  the  output  amplitude  is  a  monotonic  function 
of  the  input  intensity  (for  applied  voltages  less  than  the  electrooptic  half-wave  voltage); 
such  a  transfer  relationship  is  desirable  for  incoherent-to-coherent  conversion  and 
subsequent  coherent  signal  processing  operations. 

The  write/ read  mode  described  above  is  presented  again  in  Figure  4,  where  three 
different  levels  of  exposure  are  depicted.  Mote  that  in  this  mode  of  operation  a  negative 
of  the  input  image  is  produced  on  readout.  An  image  positive  may  be  created  easily  by 
reversing  the  sense  of  the  applied  voltage,  creating  a  .contrast  reversal,  as  shown.  In 
addition,  contour  generation  (level  slicing)  is  achievable  by  varying  the  external  bias, 
causing  various  internal  field  regions  to  be  cancelled  by  the  external  applied  field.  In 
the  illustration  chosen  in  Figure  4,  the  region  labeled  *2*  has  been  brought  to  the  null 
condition  by  suitable  reduction  of  the  applied  voltage.  Contrast  enhancement  of  highly 
underexposed  images  results  from  external  bias  adjustment  to  disperse  the  exposed  regions 
about  the  zero  field  condition,  as  shown. 


I, 

J: 

* 

i 

\ 

to 

l- 


Recent  progress  has  been  achieved  in  the  analysis  of  the  fundamental  resolution 
limitations  of  the  PROM  as  well  as  of  the  other  electrooptic  spatial  light  mooulators 
(20-22).  From  the  nature  of  Eq.  (1),  it  can  be  seen  that  the  resolution  of  an  electrooptic 
spatial  light  modulator  depends  directly  on  the  relationship  between  a  periodic  (spatial 
frequency  <u)  variation  in  the  writing  intensity,  and  the  resultant  spatial  modulation  of  tne 
voltage  across  the  electrooptic  crystal.  The  cubic  symmetry  (123)  of  bismuth  silicon  oxide 
in  conjunction  with  the  orien’ ition  of  the  electrooptic  crystal  slice  (<001>)  assures  tnat 
only  longitudinal  components  of  the  electric  field  contribute  to  the  induced  birefringence 
through  the  electrooptic  effect.  Therefore,  the  modulation  in  output  amplitude  [see 
Eq.  (1)]  depends  only  on  the  voltage  difference  V(x,y)  between  opposite  sides  of  the 
electrooptic  crystal  at  each  image  point  (x,y).  In  the  absence  of  significant 
two-dimensional  diffusion  effects  in  comparison  with  the  drift-aided  charge  separation  of 
photogenerated  electron-hole  pairs,  V(x,y)  will  be  a  function  of  the  dielectric  constants 
and  thicknesses  of  the  electrooptic  and  blocking  layers,  the  locations  (in  the  z-direction) 
of  the  trapped  hole  and  electron  distributions  resulting  from  the  writing  (image  recording) 
process,  and  the  spatial  frequency  of  the  charge  (writing  intensity)  modulation  in  the  (x,y) 
plane. 


From  an  exact  solution  of  the  device  multi-layer  structure  containing  a  single  point 
charge,  the  Fourier  transform  of  the  voltage  distribution  (which  can  be  directly  relatea  to 
the  modulation  transfer  function)  was  derived  as  a  function  of  the  charge  location  within 
the  electrooptic  crystal  and  the  device  layer  parameters  (20).  Since  the  modulation 
transfer  function  (MTF)  for  a  given  device  will  be  both  exposure  and  modulation  dependent,  a 
more  fundamental  Indication  of  expected  device  performance  is  obtained  by  presentation  and 
discussion  of  the  un-normal ized  (V(w)]  and  normalized  [V(«)/V(0)J  potential  difference 
functions. 

At  this  point,  it  should  be  mentioned  that  the  un-normalized  potential  differences  V(m) 
and  the  normalized  function  V(u)/V(0)  have  a  direct  interpretation  useful  for  botn 
comparison  of  distinct  devices  of  different  constitutive  characteristics,  and  for  comparison 
of  tne  implications  of  distinct  charge  distributions  (resulting  from  different  exposure 
parameters)  within  a  given  device.  In  particular,  graphs  of  V(ui)  as  a  function  of  u 
parameterized  by  different  device  constitutive  properties  assume  equal  exposure  conditions 
(identical  charge  distributions)  while  graphs  of  V(w)/V(0)  assume  optimum  exposure 
conditions  for  each  compared  device  (i.e.,  sufficient  exposure  for  each  device  suen  that 
V(w)  is  optimized  in  the  limit  of  low  spatial  frequencies.  These  types  of  comparisons  are 
familiar  from  the  case  of  photographic  film  (23)  where  the  typical  resolution/sensitivity 
trade-off  forces  a  similar  comparison  of  film  properties  on  the  basis  of  either  response  to 
equal  exposure,  or  response  to  optimum  exposure  (see  Figure  5). 

This  situation  is  graphically  illustrated  by  reference  to  Figures  6  and  7,  wnicn  depict 
the  spatial  frequency  dependence  of  V(w)  and  V(u)/V(0)  for  FROM  device  parameters  as  snown 
in  Figure  7,  with  the  dielectric  constant  of  the  dielectric  blocking  layer  as  a  parameter. 
The  effect  of  increasing  the  blocking  layer  dielectric  constant  is  seen  to  reduce  tne  device 
sensitivity  (see  Figure  6),  while  increasing  the  high  spatial  frequency  response  for  optimum 
exposure  in  both  cases  (see  Figure  7).  In  Figures  6  and  7,  a  single  point  cnarge  is  located 
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Figure  5.  Resolution/sensitivity  tradoff 
for  photographic  film.  The  unnonnalized 
curve  shows  the  reduction  in  sensitivity 
that  accompanies  increased  resolution 
capability. 
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Figure  6.  Effect  of  dielectric  blocking 
layer  dielectric  constant  on  the  spatial 
frequency  response  of  V|«).  A  symmetric 
FROM  device  is  assumed,  with  geometric  and 
constitutive  parameters  as  shown  in  Figure  1. 
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Figure  7.  Effect  of  dielectric  blocking 
layer  dielectric  constant  on  the  spatial 
frequency  response  of  V(w)/V(0). 


Figure  8.  Effect  of  longitudinal  charge 
position  within  the  electrooptic  crystal 
layer  on  the  spatial  frequency  response  of 
V(w)/V(0).  Note  the  marked  attenuation 
of  the  high  spatial  frequency  response  as 
the  charges  are  increasingly  displaced 
from  their  respective  interfaces. 


at  on*  of  tha  dielectric  blocking  layer/electrooptic  crystal  intarfaces 


Tha  dependence  of  tha  spatial  frequency  response  on  tha  dielectric  constants  and 
thicknesses  of  tha  dielectric  blocking  layers  (as  shown  in  figures  6  and  7,  and  in  figures  5 
and  6  of  Ref.  (20))  indicates  that  new  PROM  devices  can  be  envisioned  with  modulation 
transfer  functions  constant  to  much  higher  spatial  frequencies  than  are  characteristic  of 
presently  available  devices.  Gains  in  MTF  behavior  due  to  choice  of  dielectric  blocking 
layer  properties  will  be  accompanied  by  an  overall  reduction  in  device  sensitivity.  Such 
new  devices,  however,  would  provide  significantly  improved  image  fidelity  and  resolution  in 
applications  where  requirements  on  device  sensitivity  can  be  relaxed  (as  is  the  case  with 
photographic  film).  In  order  to  improve  PROM  resolution,  high  dielectric  constant,  high 
dielectric  breakdown  strength,  high  resistivity  dielectric  blocking  layers  are  required. 

In  an  effort  to  understand  the  effects  of  exposure- induced  charge  distributions 
throughout  the  bulk  of  tne  electrooptic  crystal  layer  on  PROM  resolution,  solutions  for 
cases  involving  multiple  point  charges  were  obtained  by  a  linear  superposition  of  the 
solutions  for  each  separate  point  charge  (21).  In  particular,  the  effect  of  an 
electron-hole  pair  can  be  modeled  if  the  point  charges  are  assigned  opposite  signs.  Tne 
results  of  such  a  calculation  as  a  function  of  the  charge  separation  are  snown  in  Figure  8. 
In  this  calculation,  the  hole  and  electron  were  assumed  Initially  constrained  to  opposite 
interfaces,  and  were  subsequently  displaced  symmetrically  into  tne  bulk  of  the  electrooptic 
crystal  layer.  Three  cases  are  depicted  in  Figure  8,  in  which  the  hole  and  electron  were 
first  constrained  to  opposite  dielectric  blocking  layer/electrooptic  crystal  interfaces 
(0,S00),  and  were  subsequently  displaced  symmetrically  into  the  electrooptic  crystal  layer 
by  SO  urn  (SO ,  4 50 )  and  100  urn  (100,400),  respectively.  From  Figure  8,  it  is  observed  that 
charges  displaced  from  the  dielectric  blocking  layer/electrooptic  crystal  interfaces 
strongly  degrade  the  high  spatial  frequency  response.  In  addition,  sucn  displacement 
reduces  the  sensitivity  at  low  spatial  frequencies  (21). 

An  estimate  of  the  device  spatial  frequency  response  resulting  from  optical  exposure 
may  be  obtained  from  iterative  solutions  of  the  charge  transport  equations  under  simulated 
exposure  conditions  (24,21).  Sample  charge  distribution  results  corresponding  to  exposure 
wavelengths  of  450  nm  and  375  nm  for  device  constitutive  properties  as  described  in  iigure  1 
are  shown  in  Figure  9.  The  absorption  coefficients  (»■  30  cm”1  6  1  *  450  nm;  o  •  830  cm”*  @ 
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Figure  9.  Longitudinal  charge  distribution 
p(z)  calculated  numerically  using  an 
iterated  electron  drift  model  for  two 
exposure  wavelengths  (and  corresponding 
absorption  coefficients).  Curves  A  and  B 
result  from  exposure  wavelengths  of  450  nm 
and  375  nm,  respectively.  The  left  and 
lower  scales  correspond  to  curve  A,  while 
the  right  and  upper  scales  correspond  to 
curve  B. 
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Figure  10.  Normalized  frequency  responses 
V (w)/V( 0)  for  the  calculated  longitudinal 
charge  distributions  of  Figure  9.  The 
normalized  response  of  point  charges  at 
the  two  interfaces  is  included  for  compa¬ 
rison. 


X  *  375  no)  are  such  that  the  375  nm  case  is  characterized  by  close  confinement  of  the  hole 
distribution  near  the  input  interface  with  shallow  electron  penetration  into  the  bulk.  In 
contrast,  the  450  nm  case  is  characterized  by  significant  electron-hole  pair  generation 
throughout  the  electrooptic  crystal  layer,  which  results  in  a  sizeable  accumulation  of 
electrons  at  the  far  interface  (as  shown  in  Figure  9). 

The  spatial  frequency  responses  calculated  from  these  widely  disparate  charge 
distributions  are  shown  in  Figure  10.  The  closely  confined  charge  in  the  375  nm  case 
produces  a  nonmonotonic  spatial  frequency  response  (20-22),  whereas  the  volume  excitation 
present  in  the  450  nm  case  generates  a  monotonic  frequency  response.  In  both  cases,  the 
high  spatial  frequency  response  asymptotically  approaches  <u~  ,  in  contrast  to  the  u~l 
asymptote  applicable  to  cases  where  all  charges  are  confined  to  the  interface  (21). 

The  effect  of  exposure-induced  charge  distribution  throughout  the  bulk  of  the 
electrooptic  crystal  layer  is  seen  to  have  a  marked  effect  on  the  high  spatial  frequency 
response  characteristics  of  the  image  storage  process.  The  optimum  resolution  and 
sensitivity  within  a  given  PROM  device  structure  are  obtained  when  the  hole  distribution  is 
constrained  to  the  interface  nearest  the  negative  electrode,  and  the  entire  electron 
distribution  is  swept  to  the  interface  nearest  the  positive  electrode  during  the  writing 
cycle.  The  actual  resolution  and  sensitivity  obtained  for  a  given  device  are  thus  strongly 
dependent  on  the  absorption  coefficient  of  the  electrooptic  layer  at  the  writing 
illumination  wavelength,  on  the  external  applied  voltage  and  voltage  division  between  the 
multiple  layers  during  the  writing  cycle,  and  on  the  mobility-lifetime  product  of 
photogenerated  electrons  in  the  electrooptic  crystal.  Such  bulk  charge  distribution  effects 
will  also  strongly  affect  the  resolution  and  sensitivity  for  cases  where  the  image-wise 
modulated  charge  pattern  is  induced  by  high  energy  electron  beam  (13,17)  and  x-ray  (16 
sources.  Specification  of  the  exposure  wavelength  (in  addition  to  exposure  level,  bias 
exposure,  operational  mode,  and  MTF  test  method  (8))  is  thus  seen  to  be  critical  for  proper 
device  evaluation  and  comparison.  Research  on  the  physics  of  the  device  operational  modes 
(prime,  erase,  exposure,  and  "superpr ime*  (9))  utilizing  the  charge  transport  and  resolution 
models  described  above  is  currently  in  progress. 

The  PROM  will  continue  to  be  utilized  in  applications  requiring  either  temporal  storage 
or  time  integration.  Current  PROM's  exhibit  excellent  contrast  and  Fourier  plane 
signal-to-noise  ratio,  moderate  sensitivity  and  resolution,  and  provide  a  number  of  active 
image  preprocessing  functions.  The  principal  shortcomings  of  the  PROM  relative  to  certain 
applications  are  nonlinear  sensltometry  effects  at  high  exposure  levels,  the  necessity  of 
blue  write  wavelengths  for  optimum  sensitivity  and  resolution,  and  the  lack  of  a  completely 
nondestructive  readout  mode  (which  limits  the  available  readout  gain) . 

III. 2  MicroChannel  Spatial  Light  Modulator  (MSLM) 

The  MicroChannel  Spatial  Light  Modulator  (MSLM)  (10,11)  is  under  development  for 
coherent  optical  processing  applications  requiring  high  sensitivity,  sucn  as  stellar  speckle 
interferometry  or  low-visibility  optical  communication.  The  MSLM  is  shown  schematically  in 
Figure  11,  consisting  primarily  of  an  evacuated  cell  (whlcn  may  be  either  sealed  or 
demountable),  a  photocathode,  a  microchannel  array  plate,  a  dielectric  mirror,  and  a  thin 
electrooptic  crystal  layer.  The  microchannel  array  plate  consists  of  an  array  of 
semiconducting  glass-lined  pores  ("10  pm  diameter) ,  and  is  bounded  by  two  semi-transparent 
electrodes.  The  pores  are  oriented  at  an  angle  to  the  plate  normal,  so  that  incident 
electrons  impact  the  pore  walls,  giving  rise  to  electron  multiplication  by  successive 
secondary  electron  emission.  The  microchannel  plate  is  separated  from  the  electrooptic 
crystal  by  a  gap  ("500-1000  urn) .  in  combination  with  the  dielectric  multilayer  mirror,  this 
gap  serves  a  voltage  division  function  similar  to  the  dielectric  blocking  layer  in  the  PROn. 

In  operation,  an  initial  electron  distribution  is  emitted  from  the  photocathode  in 
response  to  an  incoherent  or  coherent  control  image  (within  the  wavelength  region  of 
photosensitivity  of  the  photocathode} .  After  electron  multiplication  in  the  appropriately 
biased  microchannel  array  plate,  the  amplified  electron  image  is  proximity  focused  onto  the 
dielectric  mirror.  Either  positive  or  negative  charge  distributions  can  be  written  on  tne 
mirror  surface,  depending  on  whether  the  ratio  of  secondary  (emitted)  electrodes  to  primary 
(incident)  electrons  is  greater  or  less  than  unity  (see  Figure  12).  The  charge  distribution 
Induces  a  spatially  varying  longitudinal  electric  field  field  in  the  electrooptic  crystal 
layer,  which  modulates  the  local  refractive  indices  through  the  Pockels  effect.  As  in  the 
case  of  the  PROM,  either  phase  or  amplitude  modulation  can  be  achieved  on  reflective  readout 
by  appropriate  readout  polarization  and/or  orientation  of  the  electrooptie  crystal.  In 
current  devices  (11),  both  LiNbO*  and  LiTaO.  z-cut  plates  have  been  utilized  to  produce  pure 
phase  modulation. 

The  dynamic  operation  of  the  MSLM  can  be  understood  with  reference  to  Figure  13,  which 
depicts  lines  of  stable  equilibria  (full  bold  lines)  and  a  line  of  unstable  equilibria 
(broken  bold  line)  in  the  state-space  of  the  device  (gep  energy  eVg  as  a  function  of 
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ure  11.  The  microchannel  spatial  light 
ulator  (MSLM) :  proximity-focussed 
figuration.  (After  Warde .  Ref.  10). 


Figure  12.  Secondary  electron  emission 
characteristics  of  atypical  insulator. 
(After  Warde,  Ref.  11). 
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Figure  13.  State-space  plot  illustrating 
the  dynamic  operation  of  the  MSLM.  (After 
Warde,  Ref.  11). 


Figure  14.  Schematic  diagram  of  the  photo- 
DKDP  spatial  light  modulator.  (After 
Casasent,  Ref.  14). 


effective  cathode  potential  ev*) .  The  effective  cathode  potential  is  a  function  of  the 
secondary  emission  characteristics  of  the  dielectric  airror/crystal  surface,  the  gap  voltage 
Vg,  the  microchannel  plate  voltage  Vmcp,  and  the  shape  of  the  electron  energy  distribution 
emitted  from  the  microchannel  plate.  The  parameter  6  is  the  ratio  of  secondary  electrons 
collected  by  other  parts  of  the  system  to  primary  electrons,  with  no  illumination  incident 
on  the  photoeathode,  the  gap  voltage  may  be  altered  by  raising  or  lowering  V^  (see 
Figure  11).  If  the.  gap  voltage  is  initially  biased  into  the  region  where  6C<1#  illumination 
of  a  particular  region  of  the  photocathode  will  induce  electron  deposition  on  the  crystal, 
causing  the  local  gap  voltage  to  drop  along  one  of  the  vertical  lines  shown  in  Figure  13. 
Saturation  in  this  region  will  occur  when  the  total  local  exposure  exceeds  the  level 
required  to  drive  the  gap  voltage  onto  the  stable  equilibrium  curve.  The  image  can  be 
erased  by  subsequently  lowering  the  bias  into  the  region  6C>1  and  uniformly  or  selectively 
Illuminating  the  photocathode,  such  that  net  electrons  are  emitted  from  the  surface,  raising 
the  local  gap  voltage  along  one  of  the  dashed  lines  shown.  The  lower  dashed  bold  line 
labeled  Ecopl  represents  unstable  equilibria,  since  lowering  of  the  gap  voltage  below  this 
line  causes  entry  to  a  second  4_<1  region,  such  that  illumination  drives  the  gap  voltage 
toward  the  line  E_  •  0  along  which  the  incident  primary  electron  energy  at  the  crystal 
surface  is  zero.  Hehce  once  a  local  region  of  the  crystal  surface  resides  on  this  line,  the 
local  potential  cannot  be  further  altered  without  changing  the  bias  level  Vfa. 

Charge  distributions  have  been  successfully  stored  directly  on  a  500  ym  thick  LiTaO^ 
crystal  (without  a  dielectric  mirror)  fo(  periods  as  long  as  two  weeks  (11).  Although  the 
surface  and  bulk  resistivities  of  LiTa03  are  such  as  to  result  in  large  dielectric 
relaxation  time  constants,  it  is  likely  that  deep  surface  trap  states  with  extraordinarily 
long  relaxation  times  must  be  involved  in  the  electron-induced  charge  storage  mechanism. 
Research  on  the  nature  of  such  trap  levels  by  spectroscopically  selective  photoemission  is 
currently  in  progress  (25) .  The  existence  of  image  storage  capability  can  be  used  in 
concert  with  programmable  variation  of  the  bias  voltage  Vb  to  allow  implementation  of 
several  useful  image  preprocessing  functions.  Image  addition  and  subtraction  can  be 
performed  by  temporal  integration  and  sequential  selective  write/erasure,  respectively. 
Contrast  enhancement  and  reversal  can  be  Implemented  by  bias  adjustment  following  exposure, 
as  described  earlier  in  the  ease  of  the  PROM.  Utilization  of  the  erasure  saturation 
characteristic  described  above  provides  a  form  of  variable  level  thresholding.  In  addition, 
edge  enhancement  is  possible  due  to  variation  of  the  secondary  electron  emission 
characteristics  in  the  presence  of  fringing  fields  in  a  region  of  exposure  discontinuity. 

One  of  the  most  promising  features  of  the  MSLM  configuration  is  its  inherent 
flexibility  in  both  choice  of  electrooptic  crystal  and  choice  of  photocathode  material 
(which  together  determine  the  readout  and  writing  wavelength  response  regions  for  the 
device,  respectively).  Since  the  microchannel  array  plate  is  Inherently  responsive  from 
x-ray  to  near-uv  wavelengths,  no  photocathode  is  required  for  operation  in  this  regime.  The 
device  exhibits  extremely  high  sensitivity,  and  the  physical  separation  of  the  write  and 
read  functions  allows  further  Inherent  throughput  gain  in  image  amplifier  applications.  The 
combination  of  long  term  storage  with  (at  present)  near-TV  frame  rates  allows  great 
flexibility  in  system  design.  Current  MSLM's  exhibit  resolutions  ('3  lp/mm)  limited  by  the 
thickness  of  the  electrooptic  crystal,  the  relatively  thick  dielectric  blocking  layer  (gap), 
and  the  low  dielectric  constant  of  the  gap.  Although  the  implementation  of  the  active  image 
preprocessing  functions  described  above  involves  rapid  programmability  of  relatively  hign 
voltages,  the  almost  purely  capacltlvq,  loading  presented  by  the  MSLM  should  minimize  such 
difficulties. 

III. 3  Photo-DKDP  Spatial  Light  Modulator 

The  photo-DKDP  Spatial  Light  Modulator  (also  called  "PHOTOTITUS*  (IS))  has  been 
developed  and  is  currently  manufactured  by  Laboratoires  d'Electronique  et  de  Physique 
Appliquee  in  France,  and  has  only  recently  become  available  for  experimentation  in  the 
United  States  (26) .  A  schematic  diagram  of  the  photo-DKDP  device  is  shown  in  Figure  14.  A 
wedged  electrooptic  crystal  layer  of  deuterated  potassium  dihydrogen  phosphate  (DKDP)  is 
sandwiched  between  a  dielectric  mirror  and  a  transparent  electrode  on  a  CaF  substrate.  A 
photoconductlve  layer  of  amorphous  selenium  is  deposited  on  the  dielectric  mirror,  and  is 
overcoated  with  a  second  transparent  electrode.  This  assembly  is  incorporated  in  an 
evacuated  two-stage  Peltier  cooler  to  allow  operation  near  the  ferroelectric  Curie  point  of 
OKOP  C-50°C) ,  which  enhances  the  resolution  and  storage  time  of  the  device  while 
significantly  reducing  the  half-wave  voltage  of  DKDP  to  approximately  300V.  This  reduction 
in  operating  voltage  is  critical  in  order  to  allow  the  incorporation  of  the  Se 
photoconductor,  which  effectively  separates  the  read  and  write  functions. 

Operation  of  the  photo-DKDP  SLM  is  similar  in  most  respects  to  the  PROM  operational 
modes  described  above,  as  is  depicted  schematically  in  Figure  15.  In  Figure  15(a),  initial 
application  of  a  positive  voltage  V*  to  the  Se  electrode  produces  a  voltage  division  among 
the  various  layers.  Exposure  to  appropriate  wavelength  write  illumination  (typically 
440-520  run)  induces  hole  transport  across  the  Se  layer,  reducing  the  voltage  across  the 
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photoconductor  and  increasing  th«  voltage  across  the  electrooptic  DKDP  crystal 
(Figure  15(b)).  In  Figure  15(c),  the  electrodes  have  been  short-circuited  to  produce  a 
positive  readout  image.  The  small  residual  voltage  V,  in  the  dark  (unilluminated)  region 
arises  from  the  finite  dark  conductivity  of  the  photoconauctive  layer  during  the  writing 
cycle.  Erasure  is  accomplished  by  subsequent  uniform  illumination  of  the  photoconductor  to 
induce  electron  transport  to  the  mirror  Interface,  thereby  reducing  the  stored  electrostatic 
field  to  zero.  It  should  be  noted  that  exposure  wavelengths  on  the  long  wavelength  side  of 
the  selenium  photoconductivity  response  will  initiate  bulk  electron-hole  pair  generation 
with  resultant  amblpolar  diffusion.  Since  the  mobility-lifetime  product  for  electrons  is 
significantly  smaller  than  that  for  holes,  sensltometry  curves  resulting  from  primarily 
electron  transport  differ  from  those  characterized  by  primarily  hole  transport.  These 
differences  are  especially  important  for  image  subtraction  applications  (14). 

The  photo-DKDP  spatial  light  modulator  has  been  utilized  in  a  wide  range  of  coherent 
optical  data  processing  applications,  and  has  demonstrated  processing  accuracies  comparable 
to  those  achievable  with  photographic  film  Inputs  (26).  The  device  as  presently  configured 
has  moderate  sensitivity,  storage  capability,  and  the  availability  of  image  subtraction  in 
addition  to  other  image  preprocessing  functions.  The  resolution  is  enhanced  relative  to 
that  exhibited  by  current  PROM's  due  to  the  increase  in  dielectric  anisotropy  resulting  from 
Curie  point  operation.  On  the  other  hand,  this  very  feature  limits  the  contrast  available 
in  non-coil imated  readout  conf igurations  due  to  large  natural  birefringence.  The  necessi  ty 
of  cooling  to. achieve  proper  device  performance  can  led  to  nonuniformities  in  device 
characteristics,  since  small  temperature  differences  yield  large  changes  in  the  magnitude 
and  ratio  of  the  dielectric  constants.  The  hygroscopic  nature  of  DKDP  necessitates  the  use 
of  an  evacuated  cell;  however,  even  with  this  constraint  the  reported  optical  quality  of 
current  devices  is  excellent  (14). 

III. 4  Electron-Beam  DKDP  Spatial  Light  Modulator 

The  electron-beam  DKDP  SLM  has  been  under  development  for  many  years  for  coherent 
optical  processing  applications,  and  has  been  implemented  during  the  past  ten  years  in  two 
similar  versions  (12,13).  The  primary  difference  between  this  electrooptic  spatial  light 
modulator  and  the. three  previously  described  is  the  mode  of  address.  As  shorn  in  Figure  16, 
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Figure  15.  Distribution  of  voltage  as  a  Figure  16.  Electron-beam-addressed  Fockels 

function  of  distance  in  the  photo-DKDP  effect  imaging  device  using  a  DKDP  (KD2PO4) 

SLM  at  different  operational  steps  for  crystal  plate  operated  in  the  reflection 

illuminated  (BR)  and  unilluminated  (DK)  mode.  A  constant  current  electron  beam  is 

regions.  (After  Casasent,  Ref.  14).  used  and  the  video  signal  is  applied  between 

the  transparent  conductive  layer  and  the 
main  grid  placed  at  about  40  urn  from  the 
target.  (After  Marie,  Ref.  13). 


charge  is  deposited  on  a  dielectric  airror/electrooptic  crystal  layer  by  an  axial  (13)  or 
off-axis (12)  electron  gun  driven  in  a  raster  pattern  and  grid-modulated  by  a  serial  (usually 
video)  input.  The  physics  of  operation  ot  this  device  thus  combines  several  features  of  the 
MSLM  and  the  photo-DKDP  SLM.  The  design,  operation,  and  applications  of  this  SLM  have  been 
extensively  documented  (12,13)  and  are  not  treated  herein.  In  addition  to  a  wide  ranee  of 
applications  in  optical  data  processing,  the  electron-beam  DKDP  spatial  light  modulator  has 
been  successfully  utilized  for  large-screen  multi-color  television  projection  display  (13). 


Liquid  Crystal  Spatial  Light  Modulators 


A  number  of  spatial  light  modulator  technologies  are  based  on  the  utilization  of  liquid 
crystals.  The  attractiveness  of  liquid  crystal  layers  for  this  application  arises  primarily 
from  several  unusual  characteristics  of  nematic  liquid  crystals,  including  large  dielectric 
anisotropies  (resulting  in  low  operating  voltages) ,  large  birefringences  (resulting  in 
sizeable  polarization  effects  even  in  the  thin  cells  necessary  for  rapid  response  times) , 
and  a  wide  variety  of  possible  alignment  configurations.  In  this  section,  several  liquid 
crystal  spatial  light  modulators  are  discussed,  including  some  potentially  exciting 
modifications  of  the  Hughes  liquid  crystal  light  valve,  as  well  as  two  novel  liquid  crystal 
devices  for  nonlinear  coherent  optical  processing  applications. 


IV. 1  Hybrid  Field  Effect  Liquid  Crystal  Light  Valve 


By  far  the  most  advanced  spatial  light  modulator  employing  a  liquid  crystal  layer  as 
the  active  electrooptic  element  is  the  hybrid  field  effect  liquid  crystal  light  valve  (LCLV) 
(27,28).  The  typical  device  configuration  of  the  LCLV  is  presented  in  Figure  17.  A 
transparent  electrode  and  a  chemically  inert  insulating  layer  (Sio  )  are  deposited  on  an 
optically  flat  glass  substrate.  The  Insulating  Si02  layer  prevents  dc^current  flow  through 
the  device  while  simultaneously  functioning  as  a  preferred  direction  alignment  layer  for  the 
liquid  crystal  and  as  an  ionic  blocking  layer  to  prevent  cell  poisoning  effects.  A  biphenyl 
nematic  liquid  crystal  layer  is  confined  laterally  by  a  deposited  thin  film'  spacer,  and 
longitudinally  by  a  second  SIO,  alignment  layer.  The  liquid  crystal  layer  is 
photoconductively-addressed  by  a  thin  film  of  cadmium  sulfide  deposited  on  a  transparent 
electrode-coated  optically  flat  glass  substrata.  Separation  of  the  read  and  write  functions 
is  accomplished  by  incorporation  of  a  dielectric  mirror  and  cadmium  telluride  light  blocking 
layer  between  the  liquid  crystal  layer  and  the  CdS  photoconductor,  as  shown. 

In  order  to  optimize  the  electrooptic  properties  of  the  liquid  crystal  layer  for 
coherent  optical  processing  applications,  a  hybrid  field  effect  operational  configuration  is 
employed  (27).  In  this  configuration,  the  uniaxial  liquid  crystal  molecules  are 
preferentially  aligned  (by  means  of  appropriate  surface  treatment  of  the  Si02  alignment 
layers)  with  their  long  axes  parallel  to  the  electrode  surfaces  (homogeneous  alignment).  In 
addition,  the  alignment  directions  on  the  two  opposed  surfaces  are  oriented  to  form  an 
included  angle  of  45°.  This  45°  twist  Imparts  a  continuous  rotation  of  the  liquid  crystal 
molecules  from  one  surface  to  the  other,  as  shown  schematically  in  Figure  18.  Since  the 
nematic  liquid  crystal  employed  in  this  device  exhibits  large  birefringence  (difference  in 
refractive  indices  for  light  polarized  parallel  and  perpendicular  to  the  molecular  long 
axis) ,  the  resultant  twisted  layer  can  be  modeled  as  a  succession  of  thin  blrefringent 
layers,  each  oriented  at  a  slight  angle  with  respect  to  the  immediately  preceding  and 
following  layers.  Such  an  optical  configuration  has  been  shown  to  be  equivalent  under 
certain  conditions  to  a  purely  optically  active  layer  (29),  so  that  the  polarization  of 
light  traversing  the  layer  undergoes  a  pure  rotation  of  45°. 

The  operation  of  the  hybrid  field  effect  liquid  crystal  layer  can  be  explained  with 
reference  to  Figure  19.  In  the  'off*  state  with  no  voltage  applied  across  the  liquid 
crystal  layer,  input  light  polarized  parallel  to  the  preferential  alignment  direction  of  the 
entrance  electrode  experiences  a  positive  45°  polarization  rotation  on  traversing  the  layer, 
and  a  negative  4S°  rotation  following  reflection  from  the  dielectric  mirror  and  a  second 
pass  through  the  cell.  Hence  the  emergent  polarization  is  parallel  to  the  incident 
polarization,  and  can  be  extinguished  with  a  crossed  analyzer  to  provide  a  dark  off  state, 
when  voltage  is  applied  across  the  liquid  crystal  layer,  the  resulting  longitudinal  electric 
field  tends  to  align  the  liquid  crystal  molecules  with  the  field  direction  (due  to  tne 
positive  dielectric  anisotropy  of  the  molecules).  This  *tllt"  toward  perpendicular 
alignment  from  parallel  alignment  varies  continuously  between  the  two  surfaces,  and  is 
largest  in  the  center  of  the  layer  where  the  surface  alignment  forces  are  weakest.  Due  to 
the  physical  nature  of  the  lntermolecular  forces,  as  the  tilt  angle  Increases  in  a  given 
layer,  the  transmittance  of  the  twist  angle  is  weakened.  Hence  as  the  voltage  is  Increased, 
molecules  in  the  layer  center  approach  a  perpendicular  orientation,  allowing  molecules  near 
each  surface  to  relax  toward  an  untwisted  state  with  orientation  parallel  to  the  induced 
surface  orientation.  The  polarization  of  Incident  light  will  thus  be  relatively  unaltered 
by  the  front  half  of  the  cell  on  the  first  pass,  but  will  encounter  a  blrefringent  layer 
oriented  at  45°  in  the  rear  half  of  the  cell,  causing  the  polarization  of  light  striking  the 
dielectric  mirror  to  be  elliptical.  Since  birefringence  adds  on  reflection  (rather  than 
cancels  as  in  the  ease  of  optical  activity),  the  emergent  polarization  from  the  cell  will  in 


Figure  17.  Cross-sectional  schematic  of  Figure  18.  Schematic  of  45°  twisted 

the  hybrid  field  effect  liquid  crystal  nematic  liquid  crystal  alignment  (hybrid 

light  valve.  (After  Bleha,  Ref.  27).  field  effect  model).  (After  Bleha, 

Ref.  27). 


Figure  19.  Operation  of  the  hybrid 
field  effect  liquid  crystal  light  valve » 
(a)  the  off-state;  (b)  the  on-state. 
(After  Bleha,  Ref.  27). 
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Flours  20.  The  phase  response  (in 
multiples  of  2ir  rad)  of  the  hybrid  field 
effect  LCLV  as  a  function  of  input 
irradiance.  The  arrows  indicate  the 
relative  configuration  of  the  polarization 
of  the  coherent  beam  entering  the  device 
(E<n) ,  the  molecular  orientation  at  this 
point  (l) ,  and  the  orientation  of  the 
analyzer  (Eout> •  (After  Gars,  Ref.  37). 
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general  b«  elliptical,  such  that  the  appropriate  component  will  ba  passed  by  the  crossed 
analyzer.  A  detailed  analysis  of  the  cell  transmission  as  a  function  of  voltage  has 
recently  been  performed  (30-32). 

In  order  to  function  as  an  optical-to-optical  converter,  the  LCLV  requires  a  mechanism 
for  spatlally-dependent  variation  of  the  liquid  crystal  layer  voltage  in  response  to  an 
input  image  intensity  distribution.  This  function  is  performed  by  the  CdS/CdTe 
heterojunction  in  series  with  the  capacitance  of  the  multilayer  dielectric  mirror.  Analysis 
of  the  operation  of  this  structure  (33,34)  shows  that  photocapacltlve  as  well  as 
photoconductive  processes  must  be  considered  to  fully  explain  the  observed  LCLV  sensltometry 
behavior.  The  LCLV  requires  low  operating  voltages  (5-10  V  rms)  at  intermediate  frequencies 
(1-10  kHz). 

The  principal  advantages  of  the  hybrid  field  effect  liquid  crystal  light  valve  for 
coherent  optical  processing  applications  are  good  sensitivity  and  resolution 
characteristics,  full  separation  of  the  write/read  functions  (which  allows  for  the 
possibility  of  single  wavelength  optical  feedback,  for  example) ,  simplicity  of  operation, 
and  low  power  requirements.  The  sensltometry  characteristics  of  the  LCLV  depend  rather 
strongly  on  the  magnitude  and  frequency  of  the  applied  voltage  (35,36);  this  feature  can  be 
used  to  advantage  in  some  applications,  but  also  contributes  to  device  nonuniformity  effects 

(36) .  Device  uniformity  in  both  the  off  and  on  states  has  been  shown  to  be  a  quite 
sensitive  function  of  liquid  crystal  layer  thickness  (30-32),  which  is  particularly 
difficult  to  control  in  such  a  multilayer  structure.  Device  reproducibility  (both  within  a 
given  device  and  from  device  to  device)  is  dependent  primarily  on  the  deposition 
characteristics  of  the  cadmium  sulfide  and  cadmium  tellurlde  layers,  since  the  optical  and 
electronic  properties  of  IX-VZ  compounds  are  strong  functions  of  deposition  conditions.  The 
device  response  time  varies  as  a  function  of  input  Intensity  (primarily  due  to  the 
characteristics  of  the  CdS  photoconductor) ,  which  when  coupled  with  the  lack  of  storage 
capability  leads  to  temporal  variations  of  the  diffracted  orders  in  the  Fourier  plane  during 
operation,  and  in  some  cases  to  image  ghosting  with  slow  decay  time  constants  in  brightly 
exposed  regions  of  the  Images.  A  number  of  these  difficulties  are  due  primarily  to  the 
utilization  of  CdS  as  the  photoconductor,  and  should  be  eliminated  with  the  advent  of  the 
Si-LCLV  described  below.  Finally,  it  is  Important  to  note  that  the  hybrid  field  effect 
structure  gives  rise  to  an  input- intensity-dependent  phase  shift  of  the  output  wavefront 
that  is  a  further  function  of  che  relative  orientation  of  the  LCLV,  polarizer,  and  analyzer 

(37) . 

IV. 2  Silicon  Liquid  Crystal  Light  Valve 

Recently,  a  major  potential  technological  advance  in  liquid  crystal  light  valve 
technology  has  been  reported  (38),  resulting  from  incorporation  of  a  silicon  photoconductor 
in  a  hybrid  field  effect  device.  The  structure  of  this  novel  light  valve  is  shown  in 
Figure  21.  The  active  liquid  crystal  layer  is  the  same  as  that  described  previously  for  the 
CdS-addressed  LCLV.  The  CdTe  layer  has  been  replaced  with  a  cermet  light  blocking  layer, 
composed  of  a  multilayer  structure  of  metallic  (tin)  Islands  dispersed  in  Insulating  (SiOx) 
layers.  A  silicon  dioxide  gate  insulator  is  coupled  to  a  very  high  resistivity  n-silicon 
wafer  to  form  an  HOS  structure.  A  thin  degenerately  doped  p  layer  forms  the  rear  device 
electrode,  and  is  overcoated  with  a  thermally  grown  protective  oxide  coating.  A  square 
p-doped  grid  just  beneath  the  SlOj  gate  insulator  serves  to  enhance  the  device  resolution 
(as  described  below),  and  p  Isolation  channel  stops  surround  the  periphery  of  the  wafer  to 
minimise  minority  carrier  Injection  into  the  active  region. 

When  the  Sl/SlOj  Interface  is  biased  into  accumulation,  recombination  at  the  Interface 
erases  any  residual  image  and  readies  the  device  for  the  active  mode.  The  Si/SlO,  Interface 
is  then  biased  into  depletion  (depleting  not  only  the  p-grld  but  also  the  entire*  w-sllicon 
layer),  and  the  v-sllicon  side  is  illuminated  with  the  input  image.  Illumination  produces 
local  electron-hole  pair  generation  near  the  back  contact,  with  electrons  subsequently  swept 
to  the  Si/SiO?  interface  by  the  field  across  the  v-sillcon  layer.  Calculations  show  there 
to  be  only  negligible  spreading  of  the  swept-electron  distribution  during  traversal  across 
the  wafer  (39).  In  addition,  the  depleted  p-grld  is  more  negative  than  the  surrounding 
x-reglons,  which  acts  to  focus  the  incoming  electrons  into  the  w-buckets  near  the  Sl/Si02 
interface.  The  p-grid  also  prevents  significant  charge  spreading  during  the  readout  cycle. 
Due  to  the  sequential  accumulation/depletion  cycle,  the  mode  of  operation  is  fully  ac,  which 
significantly  extends  the  lifetime  of  the  liquid  crystal  layer.  Once  the  image-induced 
charge  pattern  has  been  established  at  the  SI/SIO2  Interface,  the  electric  field  across  the 
liquid  crystal  layer  will  be  modulated  such  that  the  device  may  be  read  out  in  reflection 
just  as  described  above  for  the  CdS/CdTe  LCLV. 

Current  performance  parameters  of  the  Si/LCLV  are  quite  encouraging,  with  limiting 
resolution  of  25  lp/mm  at  present  limited  by  a  20  um  period  grid,  20  uW/cm2  sensitivity,  and 
a  contrast  ratio  of  30>1  (39).  The  device  has  been  successfully  operated  at  TV  frame  rates. 
With  the  incorporation  of  a  grid  with  6  wm  period,  the  limiting  resolution  should  be 
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extendable  to  ISO  lp/mm.  The  liquid  crystal  layer  is  expected  to  accommodate  such  high 
spatial  frequencies,  since  the  presence  of  grid  lines  3  um  wide  has  been  observed  in  several 
test  structures  (39).  The  silicon  photosensitivity  spectrum  extends  from  the  near  uv  (400 
nui)  into  the  near  ir  (1.1  um)  with  high  quantum  efficiency.  Hence  such  Si-LCLV's  should 
find  numerous  applications  in  optical  data  processing,  including  real-life  scene  input 
situations. 


IV. 3  CCD-Addressed  Liquid  Crystal  Light  Valve 

Much  of  the  new  technology  evident  in  the  Si-LCLV  is  being  utilized  to  mate  a  high 
bandwidth  serial/parallel  CCD  register  to  a  modified  Si-LCLV  for  optical  processing 
applications  requiring  a  serial  input  format  (40).  As  illustrated  in  Figure  22,  the 
CCD-LCLV  is  similar  in  configuration  to  the  Si-LCLV  described  above.  The  differenoe  between 
the  two  consists  primarily  in  the  placement  on  the  uppermost  ir-silicon  surface  of  a  surface 
channel  CCD  array.  Proper  sequencing  of  the  clock  lines  4j-$4  propagates  electron  packets 
under  each  gate.  Subsequent  positive  bias  of  the  liquid  crystal  electrode  drives  the 
electron  packets  to  the  Si/SiOj  interface,  where  they  are  focused  and  prevented  from  lateral 
diffusion  by  the  implanted  p-grid.  A  functional  schematic  diagram  of  the  CCD  array  is  shown 
in  Figure  23.  The  input  is  serially  transferred  by  the  series  clock  into  the  CCD  buried 
channel  series  register  until  an  entire  line  of  data  is  recorded.  The  line  of  data  is  then 
transferred  in  parallel  to  the  adjacent  CCD  surface  channel  parallel  structure  as  shown. 
When  all  CCD  registers  are  full,  representing  a  complete  frame  of  input  information,  the 
bias  voltage  is  changed  to  drive  the  entire  stored  electron  packet  array  to  the  Si/SiOj 
interface.  At  this  point,  the  two-dimensional  image  can  be  read  out  in  reflection  by 
polarized  illumination  from  the  liquid  crystal  side  of  the  device,  as  shown.  The  buried 
channel  serial  array  is  necessitated  by  the  100  MHz  design  clock  frequency,  while  the  slower 
(100  kHZ)  parallel  array  requires  surface  channel  technology  to  allow  for  subsequent  charge 
transfer  to  the  Sl/SiO.  Interface. 

Current  CCD-LCLV  devices  are  64x64  arrays  of  elements  on  1.3  mil  centers  (total  active 
area  83  mils  square)  (39).  A  256x256  element  array  is  presently  under  development,  with  an 
eventual  goal  of  a  1000x1000  element  array  operating  at  100  kHz  per  line.  Such  a  device 
would  operate  at  an  overall  frame  rate  approaching  100  HZ.  Several  difficult  technical 
problems  currently  under  Investigation  include  the  quality  of  image  transfer  from  the  CCD  to 
the  LC  layer,  development  of  the  novel  buried  channel  serial/surface  channel  parallel  CCD 
approach,  uniformity  of  processing  of  the  very  high  resistivity  ir-silicon  wafer,  and  the 
processing  delicacy  required  for  the  5  all  thinned  wafers.  Achievement  of  these  design 
goals  will  represent  a  long-awaited  major  breakthrough  in  serial  input/parallel  output 
spatial  light  modulator  technology. 


Multiple  Period  Liquid  Crystal  Light  Valve 


A  technique  for  optically  performing  parallel  analog-to-digital  conversion  on 
incoherent  two-dimensional  inputs  at  real-time  rates  utilizing  a  multiple  period  liquid 
crystal  light  valve  has  been  recently  described  (41).  This  MP  LCLV  is  similar  in 
construction  to  the  hybrid  field  effect  LCLV  with  the  notable  exception  that  the  liquid 
crystal  layer  was  homeotropically  aligned  (long  molecular  axes  perpendicular  to  the 
electrode  in  the  "off*  state).  The  liquid  crystal  chosen  has  negative  dielectric 
anisotropy,  so  that  application  of  a  voltage  across  the  layer  tends  to  rotate  the  molecules 
parallel  to  the  electrodes.  The  magnitude  of  the  rotation  is  a  function  of  the  applied 
voltage,  so  that  readout  light  polarized  at  45°  with  respect  to  the  projection  of  the  long 
molecular  axis  on  the  electrode  surface  (in  the  partially  rotated  state)  will  experience 
pure  birefringence  on  traversal  of  the  cell.  For  liquid  crystals  with  large  optical 
anisotropies  (and  for  thick  enough  cells) ,  the  total  phase  retardation  can  be  many  multiples 
of  2ir .  Since  the  local  voltage  across  the  liquid  crystal  layer  can  be 
photoconductlvely-addressed,  the  overall  relationship  between  the  Intensity  transmittance  of 
the  device  and  the  Incident  Intensity  at  any  point  is  given  ideally  by  the  sinusoidal  (sin2) 
curve  shown  by  a  dashed  line  in  Figure  24.  In  Figure  24(a),  optical  or  electronic 
thresholding  of  the  device  transmittance  at  one  half  produces  the  least  significant  bit  of 
the  reflected  or  Gray  code.  Rescaling  the  input  intensity  by  a  factor  of  one  half  produces 
the  device  transmittance  curve  shown  in  Figure  24(b).  Thresholding  of  this  curve  at  one 
half  produces  the  next  most  significant  bit,  and  so  on.  Sequential  rescaling  as  shown  in 
Figure  24(a-c)  produces  the  3  least  significant  Gray-code  bit  planes  in  sequence.  Parallel 
rescaling  is  also  possible  utilizing  3  periodically  repeated  attenuating  strips  on  the 
device  surface  of  attenuation  factors  1,  1/2,  and  1/4,  respectively  (41). 


Due  to  the  nonlinear  sensitometry  effects  associated  with  the  cadmium  sulfide 
photoconduetor  described  in  Section  IV. 1,  the  actual  device  response  curve  departs 
significantly  from  the  ideal  behavior  of  Figure  24.  The  response  curve  of  the  actual  device 
utilized  for  the  A/D  conversion  experiments  is  shown  in  Figure  25.  The  aperiodic  nature  of 
the  device  response  curve  necessitated  nonuniform  quantization  level  assignments,  as  shown 
in  the  figure.  Nevertheless,  real  time  parallel  three-bit  A/D.  conversion  was  performed 
successfully  with  this  device  (41),  with  an  estimated  potential  A/D  conversion  rate  of 


1.2x108  points  p«r  second  for  currently  available  device  parameters.  Developaent  of  a  LCLV 
with  a  aore  nearly  periodic  response  function  would  significantly  advance  the  potential  of 
this  technique,  but  requires  linearization  of  both  the  photoconductor  response  and  the 
relationship  between  applied  voltaqe  and  effective  birefringence. 

IV. 5  Variable  Grating  Mode  Liquid  Crystal  Device 

Variable  grating  mode  (VGM)  liquid  crystal  devices  offer  a  new  approach  to  the  problea 
of  optical  transducers  (42-44)  for  nonlinear  optical  processing  and  optical  logic  and 
coaputing  applications.  The  basic  function  of  the  VGM  device  is  to  perform  an 
lntensity-to-spatial  frequency  conversion  over  a  two-dimensional  laage  field.  In  this 
process,  the  Intensity  variations  of  an  input  iaage  are  converted  to  local  spatial  frequency 
variations  in  a  phase  grating  structure  within-  the  liquid  crystal  layer.  Due  to  this 
intensity-to-spatial  frequency  conversion,  a  standard  spatial  filtering  system  can  be  used 
to  manipulate  the  input  intensities. 

The  principal  element  of  the  variable  grating  node  device  is  a  thin  layer  of  liquid 
crystal  that  is  observed  to  form  periodic  stripe  domains  in  the  presence  of  an  applied 
voltage.  The  formation  of  the  domains  results  in  a  phase  grating  characterized  by  a  spatial 
frequency  that  depends  on  the  magnitude  of  the  voltage  across  the  liquid  crystal  layer.  The 
grating  period  can  be  optically  controlled  by  placing  a  two-dimensional  photoconductive 
layer  in  series  with  the  layer  of  liquid  crystal.  The  structure  of  the  photoactivated 
device  is  shown  schematically  in  figure  26.  The  sputter-deposited  ZnS  photoconductor  and 
the  liquid  crystal  layer  are  sandwiched  between  indium  tin  oxide  transparent  electrodes 
deposited  on  optically  flat  glass  substrates.  To  operate  this  device,  a  dc  voltage  is 
impressed  across  the  electrodes.  The  thin  film  structure  is  designed  to  accept  most  of  the 
drive  voltage  when  the  photoconductor  is  not  illuminated,  such  that  the  fraction  of  the 
voltage  that  drops  across  the  liquid  crystal  layer  is  below  the  activation  threshold  of  the 
VGM  effect.  Illumination  incident  on  a  given  area  of  the  photoconductor  reduces  its 
Impedance,  thereby  Increasing  the  voltage  drop  across  the  liquid  crystal  layer  and  driving 
the  liquid  crystal  Into  its  activated  state.  Thus,  due  to  the  VGM  effect,  the 
photoconductor  converts  an  input  Intensity  distribution  into  a  local  variation  of  the  phase 
grating  spatial  frequency.  The  variation  of  optical  frequency  with  voltage  across  the 
liquid  crystal  layer  is  quite  linear  for  a  wide  range  of  VGM  liquid  crystals,  as  shown  in 
Figure  27.  The  fundamental  origin  of  the  VGM  effect  is  not  well  understood,  and  is  the 
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Figure  24.  Nonlinear  characteristic  Figure  25.  Response  curve  of  the  multiple 

curves  required  for  the  three-bit  Gray  period  liquid  crystal  device  used  for  the 

code.  Solid  curves  are  the  desired  three-bit  A/O  conversion.  The  solid  curve 

characteristics  for  the  bit  plane  outputs.  is  the  measured  response.  The  dashed 

Dashed  curves  are  the  ideal  responses  of  a  curve  represents  the  same  response  with 

multiple  period  liquid  crystal  light  valve.  a  fixed  attenuation  of  the  input. 

Parts  (a)  through  (c)  represent  increasingly  (After  Armand,  Ref.  41). 

significant  output  bits.  (After  Armand, 

Ref.  41). 


Figure  26.  Schematic  diagram  of  the 
Carlisle  Grating  Mode  liquid  crystal 
device.  (After  Soffer,  Ref.  43). 
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Figure  28.  Nonlinear  processing 
utilizing  the  intensity-to-spatial 
frequency  conversion  characteristic  of  the 
VGM  liquid  crystal  device.  (After  Soffer, 
Ref.  44). 


Figure  27.  Spatial  frequency  of  VGM 
domains  "as  a  function  of  applied  voltage 
for  various  liquid  crystals.  (After 
Soffer,  Ref.  43). 
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Figure  29.  Logic  functions  as  simple 
nonlinearities .  Given  an  input  consisting 
of  the  sum  of  two  binary  inputs,  different 
logical  operations  can  be  effected  by 
means  of  the  depicted  nonlinear  charac¬ 
teristics.  (After  Chavel,  Ref.  42). 


subject  of  current  investigation. 

The  intensity-to-spatial  frequency  conversion  capability  of  the  VGM  device  allows  the 
implementation  of  arbitrary  point  nonlinearities  with  simple  Fourier  plane  filters.  As 
discussed  above,  when  an  input  image  illuminates  the  photoconductive  layer  of  this  device, 
the  intensity  variations  of  the  input  image  change  the  local  gracing  frequency.  If  conerent 
light  is  utilized  to  Fourier  transform  the  processed  image,  different  spatial  frequency 
components  (corresponding  to  different  input  intensities)  of  the  encoded  image  appear  at 
different  locations  in  the  Fourier  plane.  Thus,  by  placing  appropriate  spatial  filters  in 
this  plane  it  is  possible  to  obtain  different  transformations  of  the  input  Intensity  in  the 
output  plane  as  depicted  in  Figure  28.  This  figure  describes  the  variable  grating  mode 
nonlinear  processing  function  graphically.  The  input  intensity  variation  is  converted  to  a 
spatial  frequency  variation  by  the  characteristic  function  of  the  VGM  device  (upper 
right-hand  quadrant).  These  variations  are  Fourier  transformed  by  the  optical  system  and 
the  spectrum  is  modified  by  a  filter  in  the  Fourier  plane  (upper  left-hand  quadrant) . 
Finally,  a  square-law-detection  produces  the  intensity  observed  in  the  output  plane  (lower 
left-hand  quadrant).  Considered  together,  these  transformations  yield  the  overall 
nonlinearity  (lower  right-hand  quadrant).  Design  of  a  proper  spatial  filter  for  a  desired 
transformation  is  a  relatively  easy  task.  For  example,  a  level  slice  transformation 
requires  only  a  simple  slit  that  passes  a  certain  frequency  band  or  bands. 

To  visualize  how  the  VGM  device  can  be  used  to  implement  logic  operations,  one  need 
only  realize  that  the  function  of  a  logic  circuit  can  be  represented  as  a  simple  binary 
nonlinearity.  The  input-output  characteristics  of  the  common  logic  functions  are  shown  in 
Figure  29.  The  input  in  this  figure  is  the  simple  arithmetic  sum  of  two  input  image 
intensities  corresponding  to  logic  levels  0  or  1,  as  shown  in  the  experimental  arrangement 
depicted  in  Figure  30.  For  example,  NOT  is  simply  a  hard-clipping  Inverter,  AND  and  OR  are 
hard-clippers  with  different  thresholds  and  XOR  is  a  level  slice  function.  In  the  VGM 
approach,  such  binary  nonllnearltles  can  be  directly  implemented  by  means  of  simple  slit 
apertures  (41).  Thus  the  particular  binary  logic  function  implemented  is  fully  programmable 
merely  by  altering  the  (low  resolution)  Fourier  plane  filter.  In  addition,  the  input  and 
output  functions  are  physically  separate,  which  provides  for  the  possibility  of  level 
restoration  of  degraded  Inputs.  This  feature  is  essential  to  the  production  of  a  reliable 
logic  system  that  is  Immune  to  noise  and  systematic  errors. 

Many  logic  functions  which  would  normally  require  multiple  gates  to  implement  can  be 
obtained  directly  with  a  single  VGM  cell.  An  important  example  is  the  full-adder  where  two 
input  bit  planes  and  the  carry  bit  plane  are  imaged  simultaneously  onto  the  VGM  device, 
generating  four  possible  input  intensity  levels  as  shorn  in  Figure  31.  The  four  resulting 
diffracted  orders  can  be  filtered  to  generate  the  sum  bit  plane  using  the  positive  orders 
and  simultaneously  the  carry  bit  plane  using  the  negative  orders.  Thus,  a  full  addition  can 
be  performed  in  a  single  pass  through  the  device.  Functions  requiring  matrix-addressable 
look-up  tables  can  be  generated  by  utilizing  two  orthogonally  oriented  VGM  devices  in 
conjunction  with  a  two-dimensional  Fourier  plane  filter.  Several  such  functions  are 
required  for  optical  Implementation  of  residue  arithmetic.  Finally,  in  addition  to  the 
combinatorial  logic  functions  discussed  above,  sequential  logic  may  also  be  Implemented  with 
appropriate  feedback. 


Figure  30.  Experimental  arrangement  for  Figure  31.  Implementation  of  a  single 

performing  logical  operations  on  2-D  pass  full  adder  with  a  VGM  device.  The 

binary  inputs  with  a  VGM  device.  (After  inputs  ,A  and  B  represent  two  binary 

Chavel,  Ref.  42).  images  (bit-planes)  to  be  added,  while 

input  C  represents  tne  carry-bit-plane 
from  the  previous  operation. 


The  wide  rang*  of  nonlinear  optical  processing  applications  described  above 
demonstrates  the  tremendous  flexibility  inherent  in  the  intensity-to-spatial  frequency 
conversion  process.  It  is  unfortunate  that  at  present,  the  VGM  device  represents  the  only 
available  real  time  implementation  of  this  operation.  The  present  major  shortcomings  of  the 
device  are  grating  imperfections  (which  give  rise  to  broadening  of  the  diffracted  orders)  , 
speed  of  response  (on  the  order  of  one  second) ,  and  lifetime.  Improvements  in  all  of  these 
areas  may  be  anticipated,  since  the  VC n  liquid  crystal  device  is  at  an  early  stag*  of 
development. 

V.  Photoref ractive  Spatial  Light  Modulators 

Until  quite  recently,  the  recording  of  volume  holograms  in  photoref ractive  materials 
has  been  primarily  investigated  for  applications  in  archival  storage  and  high  resolution 
holographic  memories.  Applications  to  coherent  optical  processing  were  limited  by  extremely 
low  writing  sensitivities  in  available  electrooptic  materials.  Recentlv,  however,  a  number 
of  electrooptic  materials  have  been  Investigated  which  exhibit  holographic  recording 
sensitivities  comparable  to  that  of  photographic  film,  including  iron-doped  lithium  nlobate 
(45),  strontium  barium  niobate  (46),  bismuth  silicon  oxide  and  bismuth  germanium  oxide  (47), 
and  barium  titanate  (48).  The  availability  of  appropriate  materials  for  real  time  volume 
holographic  storage  has  spawned  Interest  in  several  optical  data  processing  applications, 
incuaing  phase-conjugate  wavefront  generation  (49),  double-exposure  and  time  average 
holographic  interferometry  for  non-destructive  testing  (50,51),  real  time 
correlation/convolution  (52,53),  and  edge  enhancement  (54,55).  The  use  of  photoref ractive 
materials  as  spatial  light  modulators  necessitates  the  use  of  coherent  input  and  output 
beams,  and  as  such  represents  a  departure  from  the  traditional  function  of 
incoher*nt-to-coherent  conversion  in  SLM's.  However,  such  devices  may  be  utilized  as 
Fourier  plane  holographic  filters  in  conjunction  with  an  lncoherent-to-coherent  or 
electron-beam-addressed  SLM,  and  in  applications  (such  as  multiple  exposure  holographic 
interferometry  and  phase-conjugate  wavefront  generation)  requiring  coherent  sources. 

The  physical  origin  of  the  photoref ractive  effect  is  shown  schematically  in  Figure  32 
(56).  The  intensity  Interference  pattern  of  two  monochromatic  coherent  plan*  waves  with 
angular  separation  28  is  characterized  by  a  grating  vector  k  ■  4v(sln8)/X  oriented 
perpendicular  to  the  acute  bisector  of  the  plan*  wave  propagation  vectors.  Within  the 
photorefractive  material,  either  electron-hole  pair  generation,  or  electron  (hole) 
excitation  from  trap  states  to  the  conduction  (valence)  band,  or  both  may  occur  at  a  rate 
proportional  to  the  local  intensity.  Free  carriers  so  created  will  diffuse  due  to  the 
spatially-varying  concentration  gradient,  and  will  subsequently  be  trapped  preferentially  in 
regions  of  lower  Intensity.  This  charge  redistribution  can  be  enhanced  by  application  of  an 
electric  field  parallel,  to  the  grating  wav*  vector.  The  resultant  spatial  variation  in  the 
charge  distribution  replicates  the  grating  spacing  of  the  Intensity  Interference  pattern, 
generating  a  periodic  modulation  of  the  local  space  charge  field,  which  in  turn  modulates 
the  local  refractive  indices  through  the  Pockels  (electrooptic)  effect.  The  refractive 
index  grating  so  formed  creates  a  volume  phase  hologram  within  the  bulk  of  the  electrooptic 
material,  which  can  be  read  out  by  a  third  monochromatic  beam  of  appropriate  polarization 
counterpropagatlng  along  either  of  the  two  writing  beams.  Both  transmission  and  refection 
holograms  may  be  stored  dependent  on  the  orientation  of  the  crystal  with  respect  to  the 
writing  beams,  as  well  as  on  the  included  angle  28.  The  sensitivity  and  maximum  diffraction 
efficiency  of  the  photorefractive  holographic  storage  process  are  functions  of  the  density 
of  carriers  available  for  photoexcitation,  the  density  of  available  traps  for  charge 
redistribution,  the  magnitude  of  the  electrooptic  coefficient,  the  relative  intensities  of 
the  writing  beams,  the  magnitude  of  the  applied  field  (if  any),  the  mobility-lifetime 
product  of  the  liberated  photocarriers,  and  the  grating  period,  in  addition  to  numerous 
geometrical  factors.  Simultaneous  optimization  of  these  considerations  places  many 
constraints  on  the  selection  of  appropriate  electrooptic  materials,  and  consequently 
emphasizes  continued  research  on  desirable  material  modifications  (primarily  doping  and 
improvements  in  growth  techniques  for  enhanced  optical  quality)  and  characterization  of  the 
relevant  optoelectronic  properties  of  electrooptic  materials. 

Photorefractive  materials  have  several  notable  advantages  for  coherent  optical 
processing  applications.  Since  both  image  plane  and  Fourier  plan*  holograms  can  be  recorded 
will  equal  ease,  great  flexibility  in  optical  processing  configurations  can  be  mad*  us*  of. 
For  example,  an  optical  system  that  is  capable  of  performing  real  time  correlations  and 
convolutions  is  shown  schematically  in  Figure  33  (52).  A  similar  system  configuration  that 
allows  Implementation  of  image  edge  enhancement  is  shown  schematically  in  Figure  34  (55). 
In  this  latter  application,  us*  is  made  of  the  nonlinear  dependence  of  the  diffraction 
efficiency  on  the  modulation  index  of  the  two  writing  beams  by  adjusting  the  reference  beam 
intensity  to  lie  between  the  bright  and  dark  object  Intensity  levels  to  enhance  the 
diffraction  efficiency  in  the  transition  regions  where  the  modulation  index  approaches 
unity.  A  second  notable  feature  of  photorefractive  materials  is  extremely  high  resolution, 
as  depicted  graphically  in  Figure  35.  The  marked  dependence  of  the  amplitude  modulation 
function  on  the  magnitude  of  the  applied  field  (see  Figure  35)  allows  the  possibility  of 


Figure  32.  Schematic  explanation  of  the 
photorefractive  effect.  (After  Kim, 
Ref.  56) . 


Figure  33.  Real  time  degenerate  four-wave 
mixing  convolution/correlation  geometry . 
All  input  optical  fielda  are  at  frequency 
u.  The  beam  splitter  (BS)  is  necessary 
to  view  the  desired  output,  E3,  which  is 
evaluated  at  a  plane  located  a  distance 
f  from  lens  (After  Pepper, Ref.  52). 


Figure  34.  Experimental  setup  for  real  Figure  35.  Amplitude  modulation  transfer 

time  edge  enhancement  using  the  photo-  function  for  pnotorefractive  volume  holo- 

refractive  effect  in  BaTi03.  Writing  graphic  storage  in  Bi,,SiO,ft.  (After 

beams  with  intensities  1,  and  I,  (ordinary  Huignard,  Ref.  57). 

polarization)  and  reading  beam  ©ith 

intensity  X,  (extraordinary  polarization) 

are  shown,  is  is  the  C  axis  of  the  BaTiO. 

crystal.  (After  Feinberg,  Ref.  55).  3 
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achieving  spacial  light  modulation  with  essentially  flat  MTF  characteristics  out  to  spatial 
frequencies  in  excess  of  1000  line  pairs/am. 

VI.  Future  Directions  for  Research 

In  this  concluding  section,  a  number  of  potentially  profitable  directions  for  research 
are  presented  in  addition  to  those  indicated  in  proceeding  sections.  Research  on  the 
fundamental  physical  limitations  of  each  candidate  spatial  light  modulator  technology  is 
critical  both  to  optimization  of  current  device  design  and  performance,  and  to  meaningful 
performance  comparisons  irrespective  of  current  technological  limitations.  Such  comparisons 
are  essential  in  the  assessment  of  the  ultimate  potential  of  each  technological  approach. 
This  research  must  be  broadly  extended  to  include  increased  efforts  in  the  materials  growth, 
deposition,  processing,  and  characterization  areas,  since  most  of  the  devices  discussed 
above  have  been  shown  to  require  relatively  unique  materials  properties  simultaneously  in 
several  distinct  materials  classes  (e.g.,  the  liquid  crystal  light  valves  require  high 
resistivity  photoconductors,  thin  film  blocking  layers,  thin  film  dielectric  mirrors,  and 
appropriate  liquid  crystals).  Very  little  work  to  date  has  been  reported  on  attempts  to 
develop  high  speed  spatial  light  modulators  for  high  frame  rate  applications.  All  of  the 
approaches  described  above  are  Inherently  ■  slow  and  cannot  be  expected  to  significantly 
exceed  TV  frame  rates.  Limited  frame  rate  capability  will  become  a  major  bottleneck  in  the 
development  of  advanced  real  time  optical  processing  systems  and  subsystems.  Research  on 
the  optoelectronic  properties  of  photoref ractive  materials  may  yield  improvements  in  both 
sensitivity  and  maximum  diffraction  efficiency.  Realization  of  such  improvements  would 
result  in  widespread  availability  of  inexpensive,  real  time  holographic  storage  and 
processing  devices.  The  enormous  processing  flexibility  for  linear,  nonlinear, 
combinatorial  logic,  and  sequential  logic  point  operations  Inherent  in  the 
intensity-to-spatial  frequency  conversion  process  will  hopefully  stimulate  other  possible 
approaches  in  addition  to  that  offered  by  the  variable  grating  mode  liquid  crystal  device. 
In  the  area  of  real  time  parallel  nonlinear  optical  processing,  strong  demand  exists  for 
high  quality  two-dimensional  variable  level  slice  and  threshold  functions.  Although  recent 
progress  in  optical  bistability  has  been  substantial,  most  current  approaches  are  either 
one-dimensional  or  even  single  channel.  Hany  ‘linear*  optical  processing  operations  such  as 
correlation,  convolution,  and  Fourier  plane  filtering  require  some  form  of  threshold  at  the 
output  for  eventual  system  implementation. 
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The  strikingly  opposite  dependences  of  PROM  and  PRIZ  electrooptic  spatial  light  modulator  resolution  and  sensi¬ 
tivity  on  operating  mode  have  been  modeled  by  including  the  effects  of  bulk  charge  distributions  on  the  longitudi¬ 
nal  and  transverse  fields.  It  is  shown  that  the  relative  performance  of  PROM  and  PRIZ  devices  is  strongly  in¬ 
fluenced  by  the  choice  of  operating  mode  and  by  the  quality  of  the  dielectric  blocking  layers. 


Electrooptic  spatial  light  modulators  (ESLM’s)  such 
as  the  PROM1  and  the  PRIZ3  have  been  proposed  for 
use  as  incoherent-to-coherent  transducers  in  coherent 
optical  processors  for  applications  in  which  both  real¬ 
time  operation  and  image  storage  are  required.  Re¬ 
cently  it  was  reported  that,  under  certain  operating 
conditions,  the  PRIZ  can  have  substantially  larger  dif¬ 
fraction  efficiency  and  enhanced  resolution  relative  to 
the  PROM.3  In  this  Letter  we  show  that  specification 
of  operating  mode  is  vital  in  any  device  comparison 
because  of  its  strikingly  strong  and  opposite  effects  on 
the  two  devices. 

ESLM’s  can  be  classified  into  two  categories:  those 
devices  that  utilize  an  electrooptic  effect  induced  by 
longitudinal  Helds  parallel  to  the  direction  of  readout 
light  propagation  and  those  devices  that  utilize 
transverse  Helds  perpendicular  to  the  light-propagation 
direction.  These  Helds  arise  from  charge  distributions 
within  the  electrooptic  crystal  layer  photoinduced  by 
the  input  image.  The  PROM  and  the  PRIZ  are  exam¬ 
ples  of  longitudinal-  and  transverse-effect  ESLM’s, 
respectively.  These  devices  utilize  bismuth  silicon 
oxide  (B^SiOro,  BSO)  as  the  electrooptic  and  photo- 
conductive  medium  in  which  the  charge  distribution  is 
induced.  The  BSO  crystal  layer  is  positioned  between 
two  transparent  dielectric  blocking  layets,  with  trans¬ 
parent  electrodes  deposited  on  both  sides  of  the  device. 
The  two  devices  differ  in  the  crystallographic  orienta¬ 
tion  of  the  BSO  layer,  which  determines  those  compo¬ 
nents  of  the  electric  Held  that  contribute  to  the  elec¬ 
trooptic  effect.  The  PROM  utilizes  a  <001)  orienta¬ 
tion1  and  the  PRIZa  (111)  ora  (110)  orientation.2-3 

The  amplitude  of  a  plane  wave  that  has  passed 
through  an  ESLM  situated  between  crossed  polarizers 
oriented  to  bisect  the  induced  principal  axes  is  given 
by4 

A(x,y) -.tAo  sin  G(x,y),  (1) 

where  G(x,  y)  is  one  half  of  the  spatially  varying  bire¬ 
fringence  induced  by  the  input  image,  Ao  is  the  readout 
light  amplitude,  and  (x,  >-)  are  image  coordinates  in  the 
plane  transverse  to  the  light-propagation  direction  z. 
A  phase  factor  that  is  present  in  the  PRIZ  case  has  been 
suppressed  in  Eq.  (1).  This  factor  can  have  an  impor¬ 
tant  deleterious  influence  on  PRIZ  performance.3  In 


addition,  the  effects  of  natural  optical  activity  in  BSO 
on  Eq.  (1)  have  been  neglected.6 

The  dependence  of  G  on  the  relevant  Helds  can  be 
readily  determined  from  the  electrcoptic  tensor  (723 
symmetry)  and  crystallographic  orientation  of  the  BSO 
crystal  for  each  device: 


CAt  v)-l^(x,y)/2Vr  (PROM) 

lxVT(x,y)/v/6V,  «111)  PRIZ)  ’ 


(2) 


where 

Vl.t(x,  y )  -  El.t(x,  y,  z)dz.  (3) 

The  longitudinal  field  is  given  by  EL(x,  y,  z),  the 
transverse  Held  by  Er(x,y,  z),  and  the  BSO  thickness 
by  d;  Vw  is  the  (001)  half-wave  voltage  of  Bii2Si02o. 
The  generalized  voltages  VL  and  VT  have  units  of  volts, 
although  it  should  be  kept  in  mind  that  Vj  represents 
an  integral  of  transverse  Helds  in  the  longitudinal  di¬ 
rection. 

In  order  to  model  ESLM  resolution  and  sensitivity 
for  various  operating  modes,  it  is  necessary  first  to  de¬ 
rive  the  generalized  voltages  VL(x,y)  and  Vr(x,y)  for 
the  case  of  a  single  point  charge  in  the  BSO  crystal  bulk. 
Solutions  of  Poisson’s  equation  for  a  point  charge  lo¬ 
cated  at  an  arbitrary  position  within  a  three-layer  di¬ 
electric  stack  have  been  obtained  by  a  Hankel  transform 
technique  that  takes  advantage  of  the  cylindrical  sym¬ 
metry  of  the  problem.7  This  results  in  analytic  ex¬ 
pressions  for  the  transfer  functions  Vi(w,  £)  and  VY(w; 
£)  [the  Hankel  (Fourier)  transforms  of  the  single¬ 
point-charge  voltages  Vr(x,y;  £)  and  Vi(x,y\ £)],  where 
w  is  the  radial  spatial  frequency  and  £  is  the  z  coordinate 
of  the  point  charge.7-8  The  advantage  of  this  approach 
is  that  the  ESLM  response  at  all  spatial  frequencies  can 
immediately  be  calculated  as  a  function  of  point  charge 
position  and  device  constitutive  parameters  (thick¬ 
nesses  and  dielectric  constants  of  the  layers).  Once  the 
charge  distribution  is  known,  the  ESLM  response  for 
continuous  charge  distributions  can  be  determined  by 
taking  advantage  of  the  linearity  of  Poisson's  equation 
and  integrating  through  the  BSO  crystal  thickness, 
using  the  single-point-charge  solution  as  a  Green’s 
function.  The  ESLM  response  as  a  function  of  spatial 
frequency  is  then  determined  by 
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Fig.  1.  Generalized  single-point-charge  voltage  transfer 
functions  for  two  charge  positions,  0  pm  (Case  A)  and  250  pm 
(Case  B)  from  the  BSO-crystal  surface.  Blocking  layer  and 
BSO  thicknesses  are  assumed  to  be  5  and  500  pm,  respec¬ 
tively. 


CM 

where 


*VL(u)/2Vr 

irVT(a)/y/HVw 


(PROM) 

((111)  PRIZ)  ’  K 


Vl,t(w)  -  Vl.t(w;  z)p(2)dz.  (5) 

The  longitudinal  charge  density  induced  by  the  input 
exposure  is  represented  by  p(z ).  The  resolution  and  the 
sensitivity  of  the  ESLM  [as  described  by  GM]  are 
strongly  influenced  by  p(z),  which  is  in  turn  determined 
by  the  sign  and  the  magnitude  of  the  applied  field 
(collectively  referred  to  as  the  operating  mode)  as  well 
as  by  a  number  of  device,  material,  and  exposure  pa¬ 
rameters.  The  effects  of  p(z)  on  PROM  and  PRIZ 
resolution  and  sensitivity  can  be  envisaged  by  consid¬ 
ering  cases  in  which  p(z)  consists  of  one  or  two  point 
charges,  i.e.,  one  electron  or  an  electron-hole  pair.  The 
discussion  can  then  be  extended  to  include  a  continuous 
charge  distribution  by  using  Eq.  (5). 

In  Fig.  1,  Vt(«)  and  Vr(o>)  have  been  plotted  for  a 
single  point  charge  at  two  different  locations  in  the  BSO 
crystal.  The  device  is  assumed  to  consist  of  a  500- 
pm-thick  BSO  crystal  with  5-pm-thick  dielectric 
blocking  layers  (<«>  ■  56 ,  «w  “  3).  Note  the  bandpass 
nature  of  VV(w)  caused  by  the  lack  of  transverse-field 
excitation  from  uniform  components  of  the  input  image. 
In  Case  A  the  point  charge  is  at  the  BSO-blocking-layer 
interface,  whereas  in  Case  B  the  point  charge  is  placed 
in  the  center  of  the  BSO-crystal  layer.  It  is  evident 
that,  for  a  single  point  charge  on  the  interface,  Vt(«) 
and  Vr(w)  are  asymptotically  equal  for  high  spatial 
frequencies,  although  according  to  Eq.  (4)  the  PRIZ 
response  is  actually  a  factor  of  2/>/6  smaller  than  the 
PROM  when  Vl(w)  ■  VV(«).  The  PROM  response 
drops  precipitously  relative  to  that  of  the  PRIZ  as  the 
single  point  charge  moves  into  the  BSO  crystal  bulk. 
This  can  be  explained  by  considering  the  symmetry  of 


the  electric  Held  configuration  around  a  point  charge 
in  the  BSO  crystal  bulk,  as  illustrated  for  both  Case  A 
and  Case  B  in  Fig.  2.  The  longitudinal  field  compo¬ 
nents  have  opposite  values  on  opposite  sides  of  the 
charge  in  Case  B;  hence  they  cancel,  resulting  in  a  V’i.(ai) 
identically  equal  to  zero,  as  compared  with  nonzero 
values  in  Case  A.  The  transverse  field  components,  on 
the  other  hand,  have  equal  values  on  opposite  sides  of 
the  charge  in  Case  B,  resulting  in  a  larger  Vt(w)  than 
in  Case  A.  Since  the  PROM  and  the  PRIZ  spatial- 
frequency  responses  are  described  by  Vl(u>)  and  Vt(<*}), 
respectively,  the  charge  distribution  that  results  in 
optimum  resolution  and  sensitivity  is  quite  different  for 
the  two  devices. 

It  cannot  be  concluded,  however,  that  the  PRIZ  is 
necessarily  more  sensitive  than  the  PROM  by  consid¬ 
ering  only  one  charge.  Realistic  charge  distributions 
consist  of  electrons  and  positively  charged  traps  or 
holes,  which  are  photoinduced  in  pairs,  resulting  in 
equal  numbers  of  each.  In  order  to  model  the  effects 
of  charge  conservation  on  the  relative  sensitivities  of  the 
PROM  and  the  PRIZ,  Vi(w)  and  Vy(<*>)  have  been 
plotted  in  Fig.  3  for  two  distinct  charge  distributions, 
each  consisting  of  a  positive  and  a  negative  charge.  The 
device  parameters  are  identical  with  those  of  Fig.  1.  In 
Case  C  the  charge  distribution  is  symmetric,  consisting 
of  a  negative  charge  at  one  BSO-crystal-blocking-layer 
interface  and  a  positive  charge  at  the  opposite  interface. 
This  charge  distribution  models  the  forward-operating 
mode  in  which  the  illuminated  electrode  is  maintained 
at  a  negative  potential  during  exposure  so  that  electrons 
are  transported  in  the  direction  of  light  propagation  into 
the  BSO-crystal  bulk  until  they  reach  the  far  interface. 
In  Case  Dthe  charge  distribution  is  asymmetric,  con¬ 
sisting  of  a  positive  charge  at  one  interface  and  a  nega¬ 
tive  charge  in  the  center  of  the  device.  This  charge 
distribution  models  the  reverse  mode,  in  which  the  il¬ 
luminated  electrode  is  maintained  at  a  positive  potential 
during  exposure  so  that  electron  transport  is  opposite 
the  light-propagation  direction,  confining  electrons  near 
the  illuminated  electrode. 

Again  it  is  evident  that  the  PRIZ  sensitivity  depen¬ 
dence  on  charge  position  is  opposite  that  of  the  PROM. 
The  largest  PROM  sensitivity  is  achieved  for  symmetric 
charge  distributions,  as  in  Case  C,  in  which  oppositely 
signed  charges  are  fully  separated;  whereas  the  PRIZ 
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Fig.  2.  Schematic  diagrams  of  the  electric  field  configura¬ 
tions  for  the  charge  distributions  of  Figs.  1  and  3. 
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Fig.  3.  Generalized  voltage-transfer  functions  for  p(z )  con¬ 
sisting  of  two  opposite  point  charges.  Values  for  two  charge 
distributions  corresponding  to  forward  (Case  C)  and  reverse 
(Case  D)  operating  modes  are  shown.  Device  parameters  are 
unchanged  from  those  of  Fig.  1.  Charge  positions  are  given 
in  the  text. 


sensitivity  is  identically  zero  for  the  same  charge  dis¬ 
tributions.  This  is  seen  to  be  physically  reasonable  on 
consideration  of  the  electric  Held  configuration  for  a 
symmetric  charge  distribution  consisting  of  oppositely 
signed  charges,  as  illustrated  in  Fig.  2.  The  transverse 
field  components  cancel  on  integration  through  the 
bulk,  resulting  in  zero  PR1Z  response,  whereas  the 
longitudinal  field  components  add,  enhancing  the 
PROM  response.  Asymmetric  charge  distributions,  as 
in  Case  D,  increase  the  PRIZ  response  and  decrease  the 
PROM  response,  again  because  the  transverse  fields 
have  the  same  sign  and  the  longitudinal  fields  have 
opposite  signs  on  opposite  sides  of  a  point  charge. 
These  considerations  show  that  PROM  and  PRIZ  sen¬ 
sitivity  and  resolution  will  in  general  be  optimized  for 
quite  different  operating  modes  and  resultant  charge 
distributions.  Comparison  of  these  two  quite  different 
devices  under  conditions  of  identical  operating  mode 
will  necessarily  favor  one  over  the  other.  The  effects 
of  continuous  charge  distributions  have  been  modeled 
by  using  Eq.  (5)  and  an  iterative  charge-transport 
model.9  The  essential  results  presented  here  are  un¬ 
changed  in  the  continuous  case  and  in  addition  are 
confirmed  by  experiment.9 

Another  factor  that  will  favor  one  device  over  the 
other  in  terms  of  resolution  and  sensitivity  is  charge 
conservation.  If  overall  charge  neutrality  is  maintained 
so  that  equal  numbers  of  positive  and  negative  charges 
are  present  in  the  BSO  layer,  then  the  PROM  response 
will  be  enhanced  relative  to  that  of  the  PRIZ,  as  is  evi¬ 
dent  from  Fig.  3.  However,  if  unequal  numbers  of 
positive  and  negative  charges  are  present,  the  PRIZ 
response  will  be  enhanced  relative  to  that  of  the  PROM, 
as  illustrated  in  Fig.  1.  The  high-spatial-frequency 
limit  of  Vt(w)  is  independent  of  charge  position8; 
therefore  PRIZ  high  spatial  frequencies  are  greatly  at¬ 
tenuated  if  equal  numbers  of  oppositely  signed  charges 
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are  present.  The  high-spatial-frequency  limit  of 
VL  («),7  !  1  on  the  other  hand,  is  strongly  dependent  on 
charge  position;  therefore  PROM  high  spatial 
frequencies  are  not  attenuated  by  charge  conservation. 
The  quality  of  the  dielectric  blocking  layers  directly 
affects  charge  conservation  in  the  PROM  and  the  PRIZ 
and,  consequently,  the  relative  performances  of  the  two 
devices.  Poor-quality  blocking  layers  that  allow  elec¬ 
trons  to  bleed  away  from  the  BSO-blocking-layer  in¬ 
terface  enhance  the  PRIZ  response  and  degrade  the 
PROM  response,  resulting  in  larger  PRIZ  diffraction 
efficiencies  relative  to  those  of  the  PROM.3  Such  leaky 
blocking  layers  result  in  relatively  short  storage  times 
of  a  few  minutes.3 

We  have  demonstrated  in  this  Letter  the  strong  de¬ 
pendence  of  ESLM  sensitivity  and  resolution  on  the 
operating  mode  used.  The  PROM  and  the  PRIZ  show 
essentially  opposite  dependences,  making  specification 
of  the  operating  mode  mandatory  for  meaningful  device 
comparisons.  Decreasing  the  dielectric  blocking  layer 
quality  was  found  to  be  beneficial  for  PRIZ  resolution 
and  sensitivity  but  detrimental  for  those  of  the  PROM. 
The  effects  of  orientation  on  ESLM  phase  distortions 
will  be  reported  separately,3  as  will  conditions  for  op¬ 
timum  operating  modes  of  both  types  of  device.9-2 

This  research  was  supported  in  part  by  the  U.S.  Army 
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The  efTecti  of  oystaltognphic  orientation  on  output  amplitude  and  signal-dependent  phase  distortions  in  electrooptic 
^atial  light  modulators  such  as  the  PROM  and  FRIZ  are  described. 


Real  time  coherent  optical  processing  systems 
often  utilize  Electrooptic  Spatial  Light  Modulators 
(ESLM’s)  as  input  transducers  for  converting  incohe¬ 
rent  input  images  into  coherent  form.  In  evaluating 
the  suitability  of  an  ESLM  for  a  particular  applica¬ 
tion,  Che  amplitude  and  phase  responses  are  among 
numerous  device  characteristics  that  must  be  con¬ 
sidered.  In  this  paper  the  effects  of  crystallographic 
orientation  on  ESLM  amplitude  and  signal-depen¬ 
dent  phase  responses  are  described  in  detail. 

The  PROM  [1  ]  and  PR1Z  [2]  spatial  light  modu¬ 
lators  ate  examples  of  ESLM’s.  These  devices  consist 
of  an  electrooptic  and  photoconductive  crystal 
(bismuth  silicon  oxide:  the  chemical  compound 
Bi^SiOjo  (BSO»  sandwiched  between  two  trans¬ 
parent  dielectric  blocking  layers.  Transparent  elec¬ 
trodes  contact  opposite  (aces  of  each  device.  The 
PROM  utilizes  a  (001)  orientation  of  the  electrooptic 
crystal,  and  the  PR1Z  either  (1 1 1)  or  <1 10).  The  in¬ 
coherent  input  image  is  recorded  during  exposure  as 
a  photoinduced  charge  distribution  in  the  photocon¬ 
ductive  BSO  layer.  The  electric  fields  arising  from 
the  charge  redistribution  induce  modulation  of  the 
refractive  indices  along  principal  axes  in  the  BSO 
crystal  through  the  linear  electrooptic  (Pockets)  ef¬ 
fect.  The  crystallographic  orientation  and  electro¬ 
optic  tensor  (123  symmetry)  of  BSO  determine 
which  components  of  the  electric  fleld  contribute 
to  the  electrooptic  effect  and  hence  to  the  point 
spread  function  (amplitude  and  phase)  of  the  out¬ 


put  image.  The  effects  of  volume  charge  distribu¬ 
tions  on  the  development  of  electric  field  compo¬ 
nents  in  the  PROM  and  PRIZ  have  been  discussed 
previously  [3]. 

The  output  amplitude  A  of  an  ESLM  situated 
between  crossed  polarizers  with  the  input  polariza¬ 
tion  oriented  to  bisect  the  induced  principal  elec¬ 
trooptic  axes  can  be  calculated  using  the  Jones  ma¬ 
trix  formalism  in  the  principal  axis  coordinate  sys¬ 
tem  (neglecting  the  natural  optical  activity  of  BSO) 
as 


-M0e>*sin(G)  (1) 

where  the  retardation  G  *  (0j  -  02)/2  b  one  half 
of  the  phase  difference  induced  between  the  two 
principal  axes  and  0  *  (d|  +  ^)/2  b  the  ESLM 
phase  response.  The  phase  shifts  along  the  principal 
axes  induced  by  the  electric  fields  are  given  by  0|  and 
$2  •  and  A0  represents  the  readout  light  amplitude. 
The  output  amplitude  b  directly  proportional  to  G 
for  small  signal  amplitudes  such  that  G  <  1. 

It  b  dear  from  eq.  (I)  that  for*an  arbitrary  crys¬ 
tallographic  orientation  (such  that  0t  <  -02).  the 
output  amplitude  image  can  be  multiplied  by  a  phase 
image.  Thh  signal-dependent  phase  distortion  can  in¬ 
crease  the  device  harmonic  distortion  in  applications 
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Fig.  1.  Orientation*  of  longitudinal  and  transverse  electric 
fields,  and  their  respective  induced  principal  axes,  for 
BinSiOao  (123  symmetry). The  longitudinal  field (Ej)  and 
one  transverse  field  (£f  j)  induce  the  same  set  of  principal 
lues  (open  arrows),  while  the  other  transverse  field  (f-j-j)  fa>> 
duces  a  set  of  principal  axes  routed  by  45*  (dashed  arrows). 

for  which  pure  amplitude  modulation  is  desirable,  as 
will  be  shown  below.  The  quantities  0  and  G  can  be 
induced  by  electric  fields  longitudinal  or  transverse 
to  the  light  propagation  direction  or  a  mixture  of 
both,  depending  on  the  crystallographic  orientation. 
Fig.  1  illustrates  the  orientation  and  labeling  of  the 
longitudinal  (£L)  and  transverse  (£Tl ,  Ejj)  fields 
with  respect  to  the  light  propagation  direction  for 
crystallographic  orientations  between  <001)  and  <1 10). 
The  modified  Miller  notation  <1 17)  is  used  to  repre¬ 
sent  the  crystallographic  orientation,  where  7  ■ 
corresponds  to  (OOl)and  7*0  corresponds  to  <1 10). 
This  range  of  orientations  was  chosen  from  the  many 
possible  as  representative  of  the  expected  effects,  and 
because  both  the  PROM  «001>)  and  PR1Z  «1 1 1), 

<1 10))  cases  are  included.  The  principal  axes  induced 
by  the  fields  £l,  ,  and  £73  are  also  indicated  in 

fig.  1. 

Plots  of  G  and  p  induced  by  each  of  the  three 
orthogonal  field  components  as  functions  of  the  crys¬ 
tallographic  orientation  between  <001)  and  <110) 
are  shown  in  figs.  2  and  3.  The  principal  axes  and  the 
phase  shifts  dj  and  were  obtained  by  diagonaliza- 
tion  of  the  index  ellipsoid  cross  section  normal  to  the 
direction  of  light  propagation  (<1 17)).  The  angle  &  be¬ 
tween  the  <001)  axis  and  the  crystallographic  orienta¬ 
tion  <1 17)  is  related  to  7  by 
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Fig.  2.  Magnitude  of  reUidattonC  induced  by  the  three  ortho¬ 
gonal  field  components  defined  in  fig.  1  asa  function  of  crys¬ 
tallographic  orientation.  The  value  of  (7  is  given  in  units  of 
•VJV9  wh«rto-L,Tl,  or  T2;  the  quantities  and 

K72  *re  defined  in  the  text. 

7->/?COt(0)  (2) 

In  figs.  2  and  3,  Vr  •  X/2Rgr4|  is  the  half  wave 
voltage  for  BSO  in  the  <001)  orientation,  where  X 
is  the  readout  wavelength,  rrQ  is  the  refractive  index 
of  BSO,  and  r4l  is  the  BSO  electrooptic  coefficient. 
For  X  ■  632.8  ran,  Vm  ■  3900  V  (4J.  It  is  assumed 
that  the  input  polarization  is  oriented  to  bisect  the 
principal  axes  induced  by  the  relevant  field  compo¬ 
nent. 


Fig.  3.  Magnitude  of  phase  0  induced  by  the  three  orthogonal 
field  components  defined  in  fig.  1  as  a  function  of  crystallo¬ 
graphic  orientation.  The  value  of  O  is  given  in  units  of  *VJV9 
where  o  •L.Tl,  or  T2;  the  quantities  Kj|,and  K72  are 

defined  in  the  text. 
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Table  1 

Values  of  G  and  O  for  three  orthogonal  fields  and  three  crystallographic  orientations  used  in  the  PROM  and  PRIZ.  The  genera lued 
voltages  Kj|,  and  Kyj  are  defined  in  the  teat 


BSO  <001)  (ill)  <U0> 

orientation  (PROM)  (PRIZ)  (PRIZ) 


It  is  apparent  from  figs.  2  and  3  that  in  the  PROM 
(<1 10)  orientation)  no  phase  distortion  is  caused  by 
any  of  the  field  components.  In  addition,  only  the 
longitudinal  field  £L  contributes  to  G.  On  the  other 
hand,  phase  distortions  do  exist  for  both  PRIZ  orien¬ 
tations  (0 1 1)  and  (1 10)).  Such  phase  distortions  are 
caused  by  the  transverse  field  £T|  in  the  (1 10)  orien¬ 
tation,  while  in  the  <1 1 1)  orientation  the  longitudinal 
field  £t  is  reponsible.  In  both  PRIZ  orientations, 
contributions  to  the  amplitude  image  through  G  an 
made  only  by  the  transverse  fields,  which  leads  to 
the  suppression  of  zero  spatial  frequency  components 
[2].  These  results  for  the  PROM  and  PRIZ  are  sum¬ 
marized  in  table  1.  In  table  1,  the  generalized  voltages 
VL,  Vri ,  and  are  given  by 

o-L,T2,Tl  (3) 

where  d  is  the  BSO  crystal  thickness.  The  above  ex¬ 
pressions  are  longitudinal  integrals  of  the  field  com¬ 
ponents  through  the  BSO  and  have  units  of  volts. 

One  approach  to  analyzing  the  effects  of  the  signal- 
dependent  phase  0  of  the  PRIZ  is  to  consider  the 
second  harmonic  distortion  (SHD)  of  the  device  for 
a  sinusoidal  input  distribution.  The  SHO  is  readily 
calculated  as  the  square  root  of  the  ratio  of  second 
to  first  order  diffraction  efficiencies  [SJ.  Using  the 
<1 1 1)  PRIZ  as  a  specific  example,  it  is  assumed  that 
a  sinusoidal  intensity  distribution  of  spatial  frequen¬ 


cy  <j/2ir  and  wave  vector  parallel  to  the  £T |  direc¬ 
tion  exposes  the  PRIZ,  generating  related  sinusoidal 
distributions  of  the  longitudinal  field  £L  and  the 
transverse  field  £T1 .  The  polarizer  and  analyzer  are 
assumed  crossed,  and  in  addition  oriented  to  bisect 
the  principal  electrooptic  axes  induced  by  these  fields 
as  shown  in  fig.  1.  According  to  table  1 ,  G  apd  0  are 
given  by 

G(x)-(wVr{ly/6Vn)  cosM).  (4) 

#*)  -  i*VLl2y/5rt)  sin(ux),  (5) 

where  an  unimportant  constant  term  in  the  phase  has 
been  suppressed  and  nonlinear  sensitometry  effects 
{6]  have  been  neglected.  The  maxima  of  <p(x)  are 
shifted  by  e/2  relative  to  G(x)  because  by  symmetry 
the  transverse  fields  are  strongest  midway  between 
the  input  exposure  maxima  and  minima  while  the 
longitudinal  fields  are  strongest  at  the  maxima.  The 
PRIZ  first  and  second  order  diffraction  efficiencies 
can  be  found  by  first  expanding  eq.  (1)  using  a  small 
signal  approximation 

A  w  H0(l  +ip)C,  (6) 

and,  since  the  far  field  diffracted  amplitude  is  the 
Fourier  transform  of  eq.  (1),  by  extracting  the  funda¬ 
mental  and  harmonic  frequency  components.  The 
first  and  second  order  PRIZ  diffraction  efficiencies 
are  given  by 

«?1  •(nVTll2y/6V9)\  (7) 

n2-(^*TiK,/24>/5K2)2.  (8) 
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the  PRiZ  SHD  due  to  the  phase  contribution  is  there* 
fore  given  by 

SHD  s  (iji/tj1)V2  -  Vm.  (9) 


In  the  (III)  PRIZ,  the  first  order  diffraction  effi* 
ciency  is  determined  by  the  transverse  Helds,  while 
the  longitudinal  Helds  contribute  to  the  SHD.  Operat¬ 
ing  modes  and  exposure  parameters  that  result  in 
large  longitudinal  Helds  will  increase  0,  resulting  in 
large  contributions  to  the  SHD.  For  example,  an  ex¬ 
posure  that  results  in  equal  to  1000  V  induces  a 
SHD  of  12%.  It  should  be  noted  here  that  in  addi¬ 
tion  to  the  phase  effects,  pronounced  nonlinear 
sensitometry  characteristics  also  contribute  to  the 
SHD  in  the  PRIZ  [6].. 

In  conclusion,  it  has  been  shown  that  the  effects 
of  all  Held  components  must  be  considered  in  evaluat¬ 
ing  the  amplitude  and  phase  responses  of  electrooptic 
spatial  light  modulators.  In  the  (111)  PRIZ,  for 
example,  the  transverse  Helds  modulate  the  output 
amplitude  while  the  longitudinal  Helds  modulate  the 
phase.  Such  signal-dependent  phase  nonuniformities 
should  be  taken  into  consideration  in  evaluating 
ESLM’s  for  applications  in  which  phase  response  is 
important  [S].  For  example,  the  signal-dependent 
phase  distortion  could  be  used  to  increase  the  signal- 
to-noise  ratio  in  an  optical  correlator  (7].  Such  phase 
distortions  would  be  detrimental,  however,  in  cohe¬ 
rent  optical  processing  applications  whe.~  distortions 
in  the  Fourier  plane  cannot  be  tolerated,  as  in  Fourier 
plane  filtering. 

The  PRIZ  also  possesses  additional  phase  effects 
apart  from  those  described  herein  which  arise  from 
the  symmetry  properties  of  its  point  spread  function. 
These  effects  can  result  in  asymmetries  in  the  PRIZ 
imaging  properties.  A  full  analysis  will  be  published 
elsewhere  [8-11]. 
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The  sensitivity  and  resolution  of  electrooptic  spatial  light  modulators  (ESLM's)  such  as  the  Pockets  Readout  Opti¬ 
cal  Modulator  (PROM)  and  MicroChannel  Spatial  Light  Modulator  (MSLM)  are  shown  to  be  functions  of  the  po¬ 
tential  distribution  arising  from  charges  located  within  the  active  electrooptic-crystal  layer.  The  Fourier  trans¬ 
form  of  the  potential  distribution  (which  can  be  directly  related  to  the  modulation  transfer  function)  is  derived  as 
a  function  of  the  charge  location  within  the  electrooptic  crystal.  The  resultant  analytic  expression  in  addition  ex¬ 
hibits  the  dependence  of  sensitivity  and  resolution  on  the  dielectric  constants  of  the  blocking  layers  and  elcctroopt- 
ic  crystal  and  on  the  thicknesses  of  the  three  layers.  It  is  shown  that  the  overall  sensitivity  and  resolution  are  af¬ 
fected  strongly  by  charge  storage  in  the  bulk  away  from  the  electrooptic-crystal/dielectric-blocking-layer  inter¬ 
faces.  In  particular,  the  effects  of  various  operating  modes  can  be  qualitatively  explained  by  utilizing  superposi¬ 
tion  to  calculate  the  potential  distribution  for  a  positive-negative  charge  pair  located  at  various  positions  in  the 
electrooptic  crystal.  The  implications  of  these  results  for  device  design  and  operation  are  discussed. 


1.  INTRODUCTION 

An  important  component  of  numerous  proposed  real-time 
coherent  optical-processing  systems  is  an  input  device  for 
performing  incoherent-to-coherent  conversion  of  data  at  a  rate 
high  enough  to  take  advantage  of  the  inherent  parallelism  of 
the  processor.  Electrooptic  spatial  light  modulators 
(ESLM's),  such  as  the  Pockels  Readout  Optical  Modulator 
(PROM),'  PHIZ,2-1  TITUS,5  PHOTOTITUS,®  and  the  Mi¬ 
croChannel  Spatial  Light  Modulator  (MSLM),7  have  been 
proposed  as  such  input  devices  and  have  been  described  in 
several  review  papers.8-9  ESLM's  record  two-dimensional 
image  information  as  exposure-dependent  charge  distribu¬ 
tions.  which  induce  electric  fields  within  an  active  electroop¬ 
tic-crystal  layer.  The  induced  electric  fields  in  turn  modulate 
polarized  readout  light  through  the  electrooptic  effect.  The 
charge  distributions  can  be  induced  by  intensity  modulation 
of  light  incident  on  a  photoconductive  layer,1  by  direct  elec¬ 
tron-beam  charge  deposition,10  or  by  x-ray  exposure.11  Both 
longitudinal  and  transverse  electric-field  components  can  be 
sensed  in  readout  In  this  paper,  the  resolution  and  sensitivity 
of  ESLM's  that  utilize  the  longitudinal  electrooptic  effect  will 
be  analyzed.  Resolution,  sensitivity,  and  phase  effects  in 
transverse-effect  ESLM’s  will  be  described  separately.12 

The  resolution  of  an  ESLM  is,  in  general,  limited  by  elec¬ 
tric-field  spreading  within  the  active  electrooptic-crystal  layer. 
To  describe  the  resolution  and  sensitivity  of  an  ESLM,  it  is 
necessary  to  determine  the  transfer  process  between  the 
image-induced  charge  distribution  and  the  resultant  field 
distribution.  This  process  is  modeled  herein  as  a  space-in¬ 
variant  linear  system  that  is  characterized  by  a  transfer 
function.  A  method  for  calculating  the  transfer  function  of 
a  multilayered  structure  by  introducing  a  single  point  charge 
at  an  interface  was  developed  by  Krittman.1:*  Roach1 1  de¬ 
rived  an  expression  for  the  transfer  function  of  an  ESLM  that 
has  a  two-layer  structure  consisting  of  an  isotropic  dielectric 
layer  and  a  dielectrically  anisotropic  electrooptic  crystal,  as¬ 


suming  a  sinusoidal  charge  distribution  at  the  interface  be¬ 
tween  the  two  layers.  These  previous  analyses  of  resolution 
effects  in  layered  electrostatic  structures  share  a  common 
limitation  in  that  the  charge  distribution  is  confined  to  the 
interface  between  a  dielectric  layer  and  the  electrooptic 
crystal.  Because  of  the  nature  of  the  charge-pattern  gener¬ 
ating  process  in  numerous  applications  of  ESLM’s,  however 
(notably  in  the  cases  of  the  PROM  and  PRIZ  and  for  the  ap¬ 
plications  involving  x-ray  exposure  and  high-energy  elec¬ 
tron-beam  excitation),  the  resultant  charge  distribution  ex¬ 
tends  throughout  the  bulk  of  the  electrooptic-crystal  layer. 
Petrov  et  a/.2-15  have  investigated  the  effects  of  bulk  charge 
distributions  by  calculating  the  PROM  and  PRIZ  responses 
for  a  charge  density  that  is  distributed  in  a  step  function  near 
the  electrooptic-crystal  surface.  Such  a  distribution,  however, 
cannot  take  into  account  the  presence  of  oppositely  signed 
charges,  the  effects  of  operating  mode,  and  the  attenuated 
absorption  of  the  incident  writing  illumination.  The  strik¬ 
ingly  different  resolutions  and  sensitivities  obtained  for  dif¬ 
ferent  operating  modes,  such  as  forward,  reverse,  and  super¬ 
prime,16  are  caused  by  substantial  differences  in  the  bulk 
charge  distributions  associated  with  each  operating  mode. 

In  this  paper,  a  more  complete  point-charge  model  is  de¬ 
veloped;  this  model  includes  the  effects  of  charge  trapping 
within  the  bulk  of  the  electrooptic  crystal  as  well  as  the  geo¬ 
metric  and  material  properties  of  the  ESLM.  The  model  is 
also  generalized  to  a  full  three-layer  dielectric  structure  con¬ 
sisting  of  an  electrooptic  crystal  between  two  blocking  layers; 
such  a  structure  is  representative  of  a  number  of  current 
ESLM  configurations  The  contribution  of  single  point 
charges  to  the  sensitrMy  and  resolution  of  ESLM's  is  shown 
to  be  dramatically  dependent  on  the  separation  of  the  point 
charge  from  the  elect  rooptic-crystal/dielectric-blocking-layer 
interface.  The  solutions  for  single  point  charges  in  numerous 
configurations  are  shown  to  illustrate  the  fundamental 
physical  origins  of  observed  device  performance,  including  the 
dependence  on  operating  mode17  and  on  crystallographic 
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orientation.18  By  utilizing  the  principle  of  superposition,  the 

•  solution  for  a  charge  distribution  consisting  of  a  positive¬ 
negative  charge  pair  is  used  to  explain  the  increased  resolution 
obtained  in  the  PROM  by  employing  the  superprime  mode. 

rj  £  The  model  will  be  extended  to  continuous  longitudinal  charge 
r  distributions  in  succeeding  papers  in  this  series  by  using  the 

•  single-point-charge  solution,  derived  here  as  a  Green’s  func- 
i  tion.  Such  distributions  are  obtained  from  iterative  charge- 

•  transport  models  that  depend  on  numerous  device  and  ma- 

:  terial  parameters  and  as  such  are  not  as  generally  applicable 

|  as  the  results  described  herein. 

;  2.  THEORETICAL  DEVELOPMENT 

The  PROM  will  be  used  as  a  specific  example  of  an  ESLM 
j|  that  utilizes  the  longitudinal  electrooptic  effect  in  the  fol- 
|  ^  lowing  derivation.  It  is  instructive  to  compare  the  resultant 
»  characteristics  with  those  of  the  PRIZ,  a  transverse-effect 
device  that  is  structurally  identical  to  the  PROM  except  for 
!  the  crystallographic  orientation  of  the  electrooptic  crystal. 

Such  a  comparison  is  treated  in  the  second  paper  of  this  se- 
!  ries.12 

>  A  schematic  diagram  of  a  typical  PROM  structure  is  shown 

*  in  Fig.  1.  The  device  consists  of  a  photoconductive  elec- 

’  trooptic  crystal  (BiiiSiOjo,  or  BSO;  dielectric  constant  tro  • 

56)  oriented  in  the  <001 )  direction  and  sandwiched  between 
two  thin,  transparent  dielectric  blocking  layers.  The  blocking 
layers  typically  consist  of  parylene  (dielectric  constant  <«  ■ 

’  3)1  and  are  coated  with  transparent  electrodes.  The  orien- 

I  #  tation  of  the  BSO-crystal  layer  ensures  that  only  longitudi- 
,  nal-field  components  contribute  to  the  electrooptic  effect 

t  (Appendix  A). 

1  In  the  simplest  mode  of  PROM  operation,1  a  voltage  (typ- 

,  ically  2000  V)  is  applied  to  the  electrodes  and  is  divided  among 

■  the  three  layers  in  inverse  proportion  to  the  capacitance  of 

£  each  layer.  Since  the  electrooptic  crystal  is  also  photocon¬ 

ductive,  illumination  from  the  negative  electrode  side  with 
|  image-modulated  light  at  a  photosensitive  wavelength  causes 

charge  generation  at  a  rate  proportional  to  the  incident  in¬ 
tensity  at  each  spatial  location.  The  generated  charges  then 
separate  in  the  applied  field  (by  electron  drift  into  the  bulk, 
since  holes  are  relatively  immobile  in  BSO19),  giving  rise  to 
[  *  a  reduction  in  voltage  across  the  electrooptic  crystal  in  the 

r  illuminated  regions.  Since  in  the  absence  of  illumination  the 
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Fig.  1.  Typical  PROM  structure  and  coordinate  system  used  in 
derivation  of  Vt(w,  {)• 
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dielectric  relaxation  time  of  BSO  is  unusually  large  (several 
thousand  seconds),  the  electron  distribution  subsequent  to 
exposure  is  trapped  in  the  bulk,  resulting  in  storage  of  the 
image.  The  resultant  field  distribution  induces  a  birefrin¬ 
gence  (through  the  linear  longitudinal  electrooptic  effect), 
which  alters  the  polarization  of  linearly  polarized  readout  light 
oriented  to  bisect  the  principal  birefringent  axes.  The  ex¬ 
posure-induced  polarization  produces  an  image-modulated 
amplitude  when  viewed  through  a  crossed  analyzer  (as  used 
in  a  typical  optical-processing  application  requiring  an  am¬ 
plitude  image;  other  applications  may  be  optimized  for  phase 
modulation  by  utilizing  parallel  polarizer/analyzer  combi¬ 
nations).  Since,  for  the  purposes  of  light  propagation,  an 
ESLM  may  be  considered  to  be  optically  thin-10  (in  other 
words,  diffraction  within  the  ESLM  can  be  ignored),  the 
readout  amplitude  transmitted  through  a  FROM  situated 
between  crossed  polarizers  may  be  expressed  as1 

A(x,y)  ®  iAo sin|~~~~~^,|  -  (1) 

where  A0  is  the  incident  readout-light  amplitude  (appro¬ 
priately  corrected  for  interface  "reflection  losses);  V„  = 
X/2no3r«i  is  the  longitudinal  half-wave  voltage  of  BSO  in  the 
<001)  orientation,  where  X  is  the  wavelength  of  the  readout 
light,  no  is  the  refractive  index  of  BSO,  and  r4)  is  the  elec¬ 
trooptic  coefficient  of  BSO;  and  VL(x,y)  is  the  voltage  across 
the  BSO  layer  at  image  coordinates  (x,  y).  It  should  be  noted 
that  in  the  above  expression  it  is  assumed  that  the  readout 
wavelength  and  intensity  are  chosen  such  that  insignificant 
photoconductive  charge  redistribution  occurs  and  that  the 
effects  of  natural  optical  activity  in  BSO  may  be  neglected.21-22 
Thus  the  output  amplitude  is  a  monotonic  function  of  the 
input  intensity  (for  applied  voltages  less  than  the  half-wave 
voltage).  Such  a  transfer  relationship  is  desirable  for  inco- 
herent-to-coherent  conversion  in  optical-signal-processing 
operations.23 

The  mapping  of  the  input  exposure  into  the  output  am¬ 
plitude  can  be  described  by  the  cascaded  transformations 
shown  in  Fig.  2.  In  this  paper,  we  are  modeling  the  trans¬ 
formation  from  the  induced  charge  distribution  to  the  voltage 
distribution  as  a  space-invariant  linear  system  with  a  well- 
defined  transfer  function  that  describes  the  effects  of  the 
system  in  the  spatial-frequency  domain.23  An  assumption 
that  is  implicit  in  the  transfer-function  treatment  of  ESLM 
resolution  is  that  the  resolution  is  limited  by  field  fringing 
effects  and  not  by  transverse  drift  or  diffusion  of  the  input 
exposure-induced  charge  distribution  p(z,  y,  z)  (both  of  which 
are  inherently  nonlinear  processes). 

From  the  nature  of  Eq.  ( 1 ),  it  can  be  seen  that  the  resolution 
of  an  ESLM  depends  directly  on  the  relationship  between  a 
periodic  variation  in  the  writing  exposure  and  the  resultant 
spatial  modulation  of  the  voltage  across  the  electrooptic 
crystal.  The  voltage  VL(x,  >•)  will  be  a  function  of  the  di¬ 
electric  constants  and  thicknesses  of  the  electrooptic  and 
blocking  layers,  the  longitudinal  locations  of  electrons  and 
positive  charges  resulting  from  the  writing  process,  and  the 
spatial  frequency  of  the  charge  (writing  intensity)  modulation 
in  the  transverse  (x ,  y )  plane.  To  describe  the  sensitivity  and 
resolution  of  the  device,  we  seek  to  derive  the  dependence  of 
each  Fourier  component  of  Vl(x,  >’)  on  the  corresponding 
Fourier  component  of  the  transverse  charge  distribution  as 
a  function  of  the  device  parameters  and  the  longitudinal 
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Fig.  2.  Transformation  of  input  exposure  to  output  amplitude  in 
electrooptic  spatial  light  modulators. 


charge  distribution.  This  dependence  is  described  by  the 
voltage  transfer  function  Vl  (u>).  As  shown  in  linear  systems 
theory,23  the  transfer  function  of  a  linear  system  is  the  Fourier 
transform  of  the  impulse  response.  In  this  case,  the  impulse 
response  corresponds  to  the  voltage  distribution  arising  from 
a  delta-function  input  exposure  distribution  in  the  transverse 
dimensions. 

If  the  charges  are  constrained  to  the  blocking-layer/elec- 
trooptic-crystal  interfaces,  the  spatial-frequency  dependence 
of  Vl(<j})  may  be  obtained  by  straightforward  solution14  of  the 
electrostatic  boundary  conditions  with  a  surface  charge  <r(x, 
y,  z)  given  by 


<r(x,y,z)  =  <x05(z)[l  +  cos(ajx)], 


where  ao  is  the  average  value  of  the  surface  charge  density  and 
S(z)  is  the  unit  impulse  function.  However,  since  the  ab¬ 
sorption  coefficient  of  the  electrooptic  crystal  is  finite  and 
since,  in  addition,  the  drift  length  of  a  photoexcited  electron 
can  be  of  the  order  of  the  typical  electrooptic-layer  thickness,24 
consideration  of  charge  distributions  within  the  bulk  of  the 
electrooptic  crystal  is  necessary  to  formulate  a  realistic  reso¬ 
lution  model. 

The  effects  of  such  a  bulk  charge  distribution  can  be  mod¬ 
eled  by  considering  a  single  point  charge  q  located  at  (x,y,z) 
«■  (0, 0,  — £)  within  the  electrooptic-crystal  layer  as  shown  in 
Fig.  3.  Determination  of  the  voltage  transfer  function  Vt(«; 
{)  resulting  from  such  a  point  charge  is  equivalent  to  calcu¬ 
lation  of  the  potential  difference  resulting  from  a  periodic 
charge  distribution  in  the  bulk  given  by 


<r(x,y,z)  *  <To^(*  +  {)[!  +  cos(ctfx)) 


as  a  function  of  spatial  frequency  «.  This  approach  has  the 
advantage  that,  once  the  solution  for  a  single  point  charge  has 
been  obtained,  the  linearity  of  the  Fourier  transform  may  be 
utilized  to  solve  multiple-charge  cases  by  summation  of  sin¬ 
gle-charge  solutions  and  continuous-charge  distribution  cases 
by  simple  integration. 

The  axial  symmetry  of  the  problem  can  be  exploited  by 
transformation  to  cylindrical  coordinates  (/>,  6,  z>,  where  (p, 
8)  are  in  the  (x,y)  plane  and  z  is  the  longitudinal  coordinate, 
as  shown  in  Fig.  1.  Since  the  problem  is  invariant  with  respect 
to  the  angular  coordinate  8,  the  rectilinear  two-dimensional 
Fourier  transform  becomes  a  Hankel  transform.  The  voltage 
across  the  electrooptic  crystal  can  then  be  written  in  the 
form 


Vt(p;  f)  m~~  f  Vi(w;  Dwi/olw'pldw. 
2x  Jo 


where  Jo  is  the  zero-order  Bessel  function  and  w  is  the  circular 
spatial  frequency.23  Expressing  VL  (p;  £)  as  a  Hankel  trans¬ 
form  simplifies  the  calculation  since  the  Hankel  transform  of 
the  delta-function  charge  distribution  is  a  constant.  Hence 
the  difficulties  associated  with  discontinuities  in  the  real-space 
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boundary  conditions  that  result  from  charge  singularities  are 
automatically  removed  in  Fourier  space. 

The  real-space  potential  difference  VL(p;  £)  must  satisfy 
Laplace’s  equation  in  all  four  regions  depicted  in  Fig.  3,  and 
it  must  also  satisfy  the  boundary  conditions  at  both  electrodes, 
at  both  electrooptic-crystai/blocking-iayer  interfaces,  and  at 
the  plane  defined  by  the  location  of  the  point  charge  (z  =  — £). 
Once  Vl(p\  £)  is  determined,  VL(w,  £)  is  easily  found  by  ex¬ 
tracting  the  kernel  of  the  Hankel  transform,  as  shown  ex¬ 
plicitly  in  Appendix  B  with  the  following  result: 


f)  = 


l  cosh  [«(a  —  £))  ll  - 


sinh|tu(a  —  d)) _ 

I,  cothMfr  -  {))! 


coth(u)(a 


_ sinh(a)b) _ 

. .  .  coth[w(a  -  £)| 


d  +  —  coth-1  [—  coth(u idj) 

«  Uro 


—  coth-1  [—  coth(— aidilj. 
w  l<«>  J 


Note  that,  as  expected,  VL(u>:  f)  is  a  function  of  the  elec¬ 
trooptic-crystal  thickness  d,  the  dielectric-blocking-layer 
thicknesses  d|  and  d2.  and  the  dielectric  constants  tm  and  tbi 
of  the  respective  layers  as  well  as  on  the  location  £  of  the  point 
charge.  In  this  calculation  both  of  the  electrodes  are  assumed 
to  be  grounded. 

In  the  special  case  £  *  d  and  d\  =  0,  the  problem  reduces 
to  that  of  a  charge  pattern  confined  to  the  electrooptic-crys- 
tal/dielectric-layer  interface  of  a  two-layer  device,  with 


VL(w,d) 


«<ol<roCOth(wd)  +  coth(wd2)| 

in  agreement  with  the  solution  for  this  case  derived  previ¬ 
ously.14  In  addition,  the  above  results  reduce  to  the  expres¬ 
sions  given  by  Barrera  et  of. 25  as  the  blocking-layer  thick¬ 
nesses  approach  infinity. 

The  nature  of  the  spatial-frequency  dependence  of  the 
transfer  function  V|.(ci>;  £)  can  be  more  easily  appreciated  if 
the  low-  and  high-spatial-frequency  limits  are  examined. 
These  limiting  forms  are  given  by 
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Fig.  3.  Location  of  point  charge  q  in  electrooptic-crystal  bulk. 
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lim  Vl(u;  ()  =  3- 

u — 0  <0 


(Id  i  +  d>)  -  dd i 

» 

fro  d  i  +  do)  +  ra/d] 


(7) 


lim  ()  a 


<7 

UfoUbl  + 


(exp(-wAi)  -  exp(-uAi)], 


(8) 


where  Aj  =  d  —  (  and  =  £.  The  parameters  Ai  and  A2 
represent  the  distance  of  the  point  charge  from  each  dielec- 
tric-blocking-layer/electrooptic-crystal  interface.  It  should 
be  noted  here  that  the  measured  diffraction  efficiency  may 
not  decrease  with  spatial  frequency  at  the  rate  predicted  by 
the  magnitude  squared  of  Eq.  (8),  as  might  be  expected  from 
Eq.  (1).  This  is  because  Eq.  (8)  must  be  used  as  a  Green’s 
function  and  integrated  over  the  actual  longitudinal  charge 
distribution.  Qualitative  trends  may,  however,  be  extracted 
from  the  single-point-charge  solution. 

From  Eq.  (7),  it  is  apparent  that  the  low-spatial-frequency 
limit  of  Vi<u;  ()  depends  on  the  layer  thicknesses  and  di¬ 
electric  constants  as  well  as  on  the  charge  location.  In  par¬ 
ticular,  if  we  consider  the  case  of  a  symmetric  device  (i.e.,  a 
device  with  two  identical  blocking  layers),  Vl(u;  ()  decreases 
linearly  to  the  negative  of  its  initial  value  as  the  charge  posi¬ 
tion  varies  from  one  interface  to  the  other.  This  is  intuitively 
appealing  since  zero  voltage  drop  is  expected  across  the  elec¬ 
trooptic  crystal  for  a  point  charge  in  the  center  of  a  symmetric 
device.  The  low-frequency  response  is,  in  addition,  inde¬ 
pendent  of  spatial  frequency. 

The  high-frequency  limiting  form  of  VL(u\  £)  given  in  Eq. 
(8)  is  a  function  only  of  the  dielectric  constants  of  the  layers, 
the  spatial  frequency,  and  the  distance  of  the  charge  from 
either  of  the  blocking-layer/electrooptic-crystal  interfaces. 
If  the  point  charge  is  positioned  on  either  interface,  VL  («;  {) 
falls  off  inversely  with  increasing  spatial  frequency.  For  even 
small  separations  of  the  charge  from  either  interface,  however, 
the  high  spatial  frequencies  will  be  exponentially  attenuated. 
Noted  that,  as  in  the  low-spatial-frequency  limit  for  a  sym¬ 
metric  device,  Vi(u;  £)  is  zero  when  the  charge  is  in  the  center 
of  the  device. 

The  modulation  transfer  function  (MTF)  relating  the 
output  image  intensity  modulation  to  the  input  image  in¬ 
tensity  modulation  may  be  obtained  from  the  expression14 


where  the  output  intensity  is  given  by 


l  m  Iq  sin2 


*Vl(  0) 
2Vr 


1  +  m 


Vl(«) 

Vi(0) 


(9) 

(10) 


and  where  m  is  the  spatial  modulation  index  of  the  input 
charge  distribution  and  14(0;  ()  -  limw-oV4  [u;  ().  Physi- 
cally,  V4( 0, 0  is  the  average  value  in  the  transverse  dimension 
of  the  potential  difference  across  the  electrooptic  crystal.  In 
E<1-  (9),  l max  And  Iain  Are  the  values  of  I  for  cos(vx )  *  1  and 
cos(wx)  “  -1,  respectively.  From  Eq.  (10),  it  can  be  seen  that 
the  character  of  the  solution  for  each  case  is  fully  expressed 
by  V4(w,  ()  or  V4(w;  $)/V4(0;  {).  Since  the  MTF  for  a  given 
device  will  be  both  exposure  (14(0;  ()]  and  modulation  <m) 
dependent,  a  more  fundamental  indication  of  expected  device 
performance  is  obtained  by  discussion  of  the  unnormalized 
(Fl(m 5  ()|  and  normalized  |V4(w;  |)/V/.( 0;  {))  transfer  func¬ 
tions. 


Before  proceeding  to  a  detailed  presentation  and  inter¬ 
pretation  of  the  results,  it  should  be  pointed  out  that  the  un¬ 
normalized  and  normalized  transfer  functions  have  direct 
interpretations  useful  both  for  comparison  of  different  devices 
and  comparison  of  the  effects  of  different  charge  distributions 
within  a  given  device.  In  particular,  graphs  of  V4  (w;  £)  as  a 
function  of  u>  parameterized  by  different  device  properties 
represent  equal  exposure  conditions  (identical  charge  distri¬ 
butions),  whereas  graphs  of  V[,(u;  ()/VL(0\  ()  represent  op¬ 
timum  exposure  conditions  for  each  compared  device  (i.e., 
sufficient  exposure  for  each  device  that  V4(o>;  ()  is  optimized 
in  the  limit  of  the  low  spatial  frequencies].  These  types  of 
comparison  are  familiar  from  the  case  of  photographic  film, 
for  which  the  typical  resolution/sensitivity  trade-off  forces 
a  similar  comparison  of  film  properties  on  the  basis  of  response 
to  either  equal  exposure  or  optimum  exposure. 
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Fig.  4.  Dependence  of  transfer  function  ()  on  blocking-layer 
dielectric  constant. 
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Fig.  6.  Dependence  of  normalized  transfer  function  V't(w; 
{)  on  blocking-layer  dielectric  constant. 
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SPATIAL  FREOUENCY  (lint  peirt/mm) 

Fig.  6.  Dependence  of  transfer  function  Vt(w.  {)  on  blocking-layer 
thicknesses. 


SPATIAL  FREQUENCY  (hot  MOTs/mml 
Fig.  7.  Dependence  of  normalized  transfer  function  Vl(«;  {)/Vj,( 0; 
()  on  blocking-layer  thicknesses. 

3.  FEATURES  OF  THE  SOLUTION  FOR 
DISCRETE  CHARGE  DISTRIBUTIONS 

The  dependences  of  VL{u;  £)  and  Vt(«;  £)/Vt(0;  {)  on  the 
dielectric  constant  of  the  blocking  layers  are  shown  in  Figs. 
4  and  5,  respectively,  for  a  symmetric  device  with  the  point 
charge  on  the  blocking-layer/electrooptic-crystal  interface. 
The  layer  thicknesses  are  given  in  Fig.  1.  (Increasing  the 
blocking-layer  dielectric  constant  reduces  the  device  sensi¬ 
tivity  (Fig.  4)  and  increases  the  resolution  or  high-spatial- 
frequency  relative  response  (Fig.  S).]  Decreasing  the  thick¬ 
nesses  of  the  two  dielectric  blocking  layers  has  a  similar  effect, 
as  shown  in  Figs.  6  and  7.  The  resolution  and  sensitivity  also 
exhibit  the  same  behavior  when  the  electrooptic-crystal 
thickness  is  decreased,  as  illustrated  in  Figs.  8  and  9. 


from  the  surface  into  the  bulk  of  the  electrooptic  crystal.  The 
high-spatial-frequency  amplitude  response  of  a  PROM  for  a 
charge  distribution  confined  to  the  blocking-Iayer/elec- 
trooptic-crystal  interface  should  decrease  inversely  with 
spatial  frequency,  as  first  determined  by  Roach.14  Experi¬ 
mentally  measured  PROM  MTF’s,  however,  decrease  with 
spatial  frequency  at  a  faster  rate,  especially  at  low  exposures.16 
In  Section  2  it  was  shown  that  the  high-spatial-frequency 
response  decreased  exponentially  and  that  the  low-spatial- 
frequency  response  decreased  linearly  with  separation  of  the 
point  charge  from  the  interface.  This  results  in  the  degra¬ 
dation  of  the  sensitivity  as  well  as  the  resolution  by  movement 
of  the  charge  into  the  electrooptic-costal  bulk,  as  illustrated 
by  the  graphs  of  VL(u;  {)  and  Vi,(«;  $)/Vl(0;  £)  in  Figs.  10  and 
1 1.  Trapping  of  charges  in  the  electrooptic-crystal  bulk  can 
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Fig.  8.  Dependence  of  transfer  function  Vl(»;  £)  on  electrooptic- 
crystal  thickness. 
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Perhaps  the  most  interesting  behavior  of  the  transfer 
function  Vi(<i>;  ()  occurs  when  the  point  charge  is  displaced 


Fig.  9.  Dependence  of  normalized  transfer  function  Vt(w;  fl/V'/.(0; 
£)  on  electrooptic-crystal  thickness. 
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Fig.  10.  Dependence  of  transfer  function  {)  on  point-charge 
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Fig.  11.  Dependence  of  normalized  transfer  function  f  )/Vt(0; 

{)  on  point-charge  position. 


therefore  explain  the  measured  degradation  of  PROM  MTF’s 
relative  to  resolution  models  that  confine  the  charges  to  the 
interface. 

The  solutions  for  cases  involving  multiple  point  charges  can 
be  obtained  by  a  linear  superposition  of  the  solutions  for  each 
separate  point  charge.  In  particular,  since  realistic  charge 
distributions  consist  of  input-exposure-induced  positive¬ 
negative  charge  pairs,  the  effects  of  such  pairs  (and  the  op¬ 
erating  modes  that  generate  them)  can  be  modeled  if  the  point 
charges  are  assigned  opposite  signs.  The  results  of  such  a 
calculation  for  asymmetric  charge  configurations  within  a 
symmetric  PROM  device  are  shown  in  Figs.  12  and  13.  A 
positive  point  charge  is  located  at  one  interface  U  *  -500  gm), 
and  a  negative  point  charge  is  placed  at  varying  distances  from 
the  opposite  interface.  The  device  parameters  are  those  of 
the  typical  symmetric  PROM  shown  in  Fig.  1.  This  charge 
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configuration  is  a  zero-order  approximation  of  an  exposure 
process  in  which  the  incident  illumination  is  characterized  by 
a  large  absorption  coefficient,  so  that  the  positive  charge 
distribution  (which  is  assumed  immobile19)  is  constrained  to 
one  interface,  whereas  the  electron  distribution  is  forced  into 
the  bulk  electrooptic  layer  by  the  applied  field.  The  resultant 
charge  separation  will  be  a  function  of  the  device  constitutive 
parameters  and  the  voltage  across  the  device  during  writing 
(operating  mode).  Because  of  the  assumption  of  a  symmetric 
device,  the  Vl(w)  curve  for  the  case  of  the  negative  charge  at 
the  opposite  interface  [labeled  (0)  in  Fig.  12)  is  exactly  a  factor 
of  2  larger  than  the  curve  in  Fig.  10  for  a  single  point  charge 
at  an  interface.  (In  a  symmetric  device,  charges  of  opposite 
sign  symmetrically  placed  on  opposite  sides  of  the  electrooptic 
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Fig.  12.  Transfer  function  VL{u;  ()  for  asymmetric  charge  distri 
butions  consisting  of  two  point  charges  of  opposite  sign. 
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Fig.  IS.  Normalized  transfer  function  1  V.(«;  {)/Vt(0;  f )  for  asym¬ 
metric  charge  distrilnitions  consisting  of  two  point  charges  of  opposite 
sign. 
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Fig.  14.  Explanation  of  nonmonotonic  spatial-frequency  response 
of  Figs.  12  and  13  in  terms  of  contributions  of  each  point  chiuge  to  the 
total  transfer  function  u;  £). 

crystal  contribute  equally  to  the  total  potential.)  As  the 
negative  charge  is  moved  from  the  interface  toward  the  center 
of  the  crystal,  the  response  at  high  spatial  frequencies  de¬ 
creases  more  rapidly  at  first  than  the  response  at  low 
frequencies.  As  the  negative  charge  reaches  the  center  of  the 
electrooptic  crystal  (z  ■  -250  pm)  and  continues  to  approach 
the  positive  charge,  the  response  at  low  spatial  frequencies 
decreases  faster  than  the  reduction  in  high-frequency  re¬ 
sponse.  For  both  charges  in  the  same  half  of  the  crystal,  the 
response  characteristic  becomes  nonmonotonic,  as  shown  in 
Figs.  12  and  13.  In  the  operating  mode  called  superprime,16 
a  voltage  reversal  in  mid-exposure  is  used  to  generate  a  closely 
confined  distribution  of  positive  and  negative  charges  near 
one  interface.  The  increase  in  resolution  obtained  with  the 
superprime  mode  is  a  direct  consequence  of  the  relative  en¬ 
hancement  of  high  spatial  frequencies  by  this  nonmonotonic 
effect. 

The  nonmonotonic  behavior  of  the  voltage  transfer  function 
can  be  explained  with  the  aid  of  Fig.  14,  which  details  the 
contributions  of  each  charge  to  the  total  transfer  function.  In 
Fig.  14a.  the  signs  and  magnitudes  of  the  response  contribu¬ 
tions  from  both  charges  are  positive,  and  the  resultant  re¬ 
sponse  has  the  same  characteristic  as  that  of  a  single  charge 
positioned  at  an  interface.  In  Fig.  14b  the  negative  charge  is 
125  pm  (one  quarter  of  the  electrooptic-crystal  thickness) 
from  the  interface  and,  hence,  contributes  a  linearly  reduced 
low-spatial-frequency  response  and  an  exponentially  reduced 
high-spatial-frequency  response  as  compared  with  Fig.  14a. 
At  the  center  of  the  crystal,  the  negative  charge  does  not 
contribute  to  the  response  because  of  symmetry  consider¬ 
ations,  and  the  form  of  the  response  is  the  same  as  that  for  a 
single  point  charge  at  an  interface  (as  shown  in  Fig.  14c).  The 
most  interesting  case  is  shown  in  Fig.  14d,  in  which  the  con¬ 
tributions  to  the  total  response  from  the  two  charges  have 
opposite  signs.  This  situation  is  equivalent  to  taking  the 
difference  between  the  V/.  |w;  ()  curves  for  two  positive 


charges  at  the  same  locations,  as  shown  in  the  figure.  The 
nonmonotonic  behavior  is  seen  to  arise  directly  from  the  ex¬ 
ponential  attenuation  of  the  high-spatial-frequency  compo¬ 
nents  of  the  response  contributed  by  the  negative  charge. 

4.  DEVICE  IMPLICATIONS 

The  dependence  of  the  voltage  transfer  function  on  the  di¬ 
electric  constants  and  thicknesses  of  the  blocking  layers  and 
on  the  thickness  of  the  electrooptic  layer  (as  shown  in  Figs. 
4-9)  indicates  that  new  PROM  devices  can  be  envisaged  with 
MTFs  constant  to  much  higher  spatial  frequencies  than  are 
characteristic  of  currently  available  devices.  Gains  in  MTF 
behavior  that  result  from  the  appropriate  choice  of  layer 
properties  will  be  accompanied  by  an  overall  reduction  in 
device  sensitivity.  Such  new  devices,  however,  would  provide 
significantly  improved  image  fidelity  and  resolution  in  ap¬ 
plications  for  which  requirements  on  device  sensitivity  can 
be  relaxed,  similar  to  the  familiar  trade-off  in  the  case  of 
photographic  film.  In  order  to  improve  PROM  resolution, 
high  dielectric  constant,  high  dielectric  breakdown  strength, 
and  high  resistivity  dielectric  blocking  layers  are  required. 
Alternatively,  decreasing  the  device  layer  thicknesses  would 
also  improve  PROM  resolution. 

The  form  of  the  exposure-induced  charge  distribution  in 
the  bulk  of  the  electrooptic  crystal  is  seen  to  have  a  strong 
influence  on  the  response  of  the  image  storage  process.  For 
normal  writing  modes,  the  optimum  resolution  and  sensitivity 
within  a  given  PROM  structure  are  obtained  when  the  positive 
charge  distribution  is  constrained  to  the  interface  nearest  the 
negative  electrode  and  the  entire  electron  distribution  is  swept 
to  the  interface  nearest  the  positive  electrode  during  the 
writing  process.  The  actual  resolution  and  sensitivity  ob¬ 
tained  for  a  given  device  are  thus  strongly  dependent  on  a 
number  of  factors,  including  the  absorption  coefficient  of  the 
electrooptic  crystal  at  the  writing  wavelength,  the  external 
applied  voltage,  the  device  layer  thicknesses,  and  the  mobil¬ 
ity-lifetime  product  of  photogenerated  electrons  in  the  elec¬ 
trooptic  crystal  A  model  of  charge  transport  in  BSO  devel¬ 
oped  by  Sprague36  has  been  adapted  to  incorporate  the  effects 
of  bulk  charge  storage  and  the  above  variables  on  ESLM 
resolution  and  will  be  detailed  in  subsequent  papers  in  this 
series.  Bulk  charge-distribution  effects  will  also  strongly 
affect  the  resolution  and  sensitivity  for  cases  in  which  the 
image-modulated  charge  pattern  is  induced  by  high-energy 
electron-beam10  and  x-ray11  sources.  The  use  of  voltage 
modulation  techniques  (such  as  reversing  the  applied  voltage 
in  mid-exposure  in  the  superprime  mode)  can  also  improve 
device  resolution  by  utilizing  the  bulk  charge-distribution 
effects  of  Fig.  14.  Further  details  of  operating  mode  effects 
on  resolution  and  sensitivity  will  be  published  separately. 

5.  SUMMARY 

A  generalized  expression  for  the  voltage  transfer  function  of 
a  point  charge  in  a  three-layer  electrooptic  spatial  light 
modulator  was  derived  that  depends  explicitly  on  the  thick¬ 
nesses  and  dielectric  constants  of  the  layers  and  on  the  lon¬ 
gitudinal  charge  position  within  the  electrooptic  crystaL  This 
solution  was  applied  explicitly  to  the  analysis  of  the  sensitivity 
and  resolution  of  the  PROM,  and  the  importance  of  bulk 
charge-distribution  effects  was  demoratrated.  In  subsequent 
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papers,  extensions  of  the  solution  will  be  made  to  ESLM's  that 
use  novel  electrooptic-crystal  orientations  to  sense  transverse 
fields12  and  to  ESLM’s  that  utilize  anisotropic  electrooptic 
crystals.  The  continuous  bulk  charge-distribution  case  will 
also  be  treated,  along  with  the  effects  of  various  operating 
modes. 

APPENDIX  A.  TRANSVERSE  CONTRIBUTION 
TO  PROM  ELECTROOPTIC  EFFECT 

The  contribution  to  the  electrooptic  effect  of  the  electric-field 
components  transverse  to  the  light  propagation  direction  can 
be  determined  by  consideration  of  the  index  ellipsoid.  For 
a  crystal  of  123  symmetry,  such  as  Bi|}Si02o,  the  only  nonzero 
electrooptic  coefficients  are  (in  the  usual  contracted  nota¬ 
tion) 


If  the  longitudinal  direction  (corresponding  to  both  the  di¬ 
rection  of  the  applied  field  and  the  direction  of  light  propa¬ 
gation)  is  taken  to  be  the  z  axis,  then  the  transverse-field 
components  Ex  and  Ey  modify  the  index  ellipsoid  such 
that 


x2  +  y»  +  z2 


+  2r4i(£,yz  +  Eyzx  +  E,xy)  *  1,  (A2) 


where  the  longitudinal  field  E,  is  taken  to  be  zero  for  sim¬ 
plicity  and  no  is  the  zero  field  index  of  refraction.  In  the  usual 
PROM  geometry,  the  light  propagation  direction  is  along  the 
crystallographic  <001 )  axis.  The  polarization  eigenstates  are 
determined  by  the  intersection  of  the  ellipsoid  with  the  plane 
normal  to  the  light-propagation  direction  (z  «  0  plane),  which 
is  described  by 

x*  +  y2 

_ _ Li _ 1  /  A  Q\ 


Since  the  intersection  is  circularly  symmetric,  the  transverse 
fields  E„  and  Ey  do  not  contribute  to  the  electrooptic  effect 
for  light  propagation  along  the  z  axis.  Consequently,  only  the 
longitudinal  component  of  the  electric  field  need  be  consid¬ 
ered  in  calculating  the  field-induced  birefringence. 

APPENDIX  B.  DERIVATION  OF  VL(w,  |)  FOR 
A  THREE-LAYER  DEVICE 

In  this  appendix,  we  derive  the  expression  given  in  Eq.  (5)  for 
the  voltage  transfer  function  VL(u;  ()  in  a  three-layer  ESLM. 
The  device  geometry  is  shown  in  Figs,  land  3.  The  dielectric 
constants  of  the  blocking  layers  are  assumed  equal  (<«),  and 
the  thicknesses  of  the  layers  are  given  by  dj  and  d2.  The  di¬ 
electric  constant  of  the  electrooptic-crystal  layer  is  denoted 
by  <«•  and  the  thickness  of  the  layer  by  d.  A  single  point 
charge  q  is  placed  within  the  electrooptic  crystal  at  a  distance 
f  from  the  dielectric  blocking-layer/electrooptic-crystal  in¬ 
terface,  as  shown  in  Fig.  3.  Transparent  electrodes  are  placed 
in  the  planes  z  «*  d\  and  z  •  -id  +  da),  which  are  the  external 
boundaries  of  the  dielectric  blocking  layers.  Both  electrodes 
are  assumed  grounded  during  readout 
The  cylindrical  symmetry  of  the  problem  about  the  z  axis 
is  utilised  by  expressing  the  potential  within  the  layers  in 
cylindrical  coordinates  as  a  Hankel  transform: 
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V(p,  0,  z)  =  V(p,z)  « P  V(w,  zW0(wp)dw.  (Bl) 
2x  Jo 

The  potential  within  any  of  the  four  regions  shown  in  Fig.  3 
automatically  satisfies  Laplace's  equation  if  the  potential  is 
written  in  the  form 

V(p,z)  =  J^  Gi<i))exp(±uz)J0(up)du.  (B2) 

The  potential  in  each  of  the  four  regions  may  then  be  ex¬ 
pressed  explicitly  as 

I.  Vi(p,z)  =  J^  Ai(u>)sinh[b>(z  +  a)|J0(wp)du>, 

(B3) 

II.  Vn(p,z)»  f  As(w)sinh[<ii(z  +  6)|J0(wp)dw, 

(B4) 

III.  V|j|(p,  z)  ■  ^  A3(<t>)sinh[<i>(z  +  d  +  d2)]</o(wp)du, 

(B5) 

IV.  V|V(p,  z)  *  AJoOsinhlwU  -  d|)]</0(<i>p)dw. 


This  form  ensures  that  the  potentials  in  regions  III  and  IV  are 
zero  at  the  z  -  —id  +  d2)  and  z  ■  dj  ground  planes.  The 
parameters  a  and  b  are  determined  below  from  the  application 
of  appropriate  boundary  conditions. 

The  boundary  conditions  are 

V(p,— d*)-  V(p.-d-),  <B7) 

T  V(p.  -d*  )-(*,-  V(p,  -d- ),  (B8) 

dz  dz 

V(p,  -{♦)  -  V(p,  (B9) 

Z  Vi* -t+)-r-V(P. -(-)•— (BIO) 
dz  dz  Wo 

V(p,0D-  V(p,0~).  (Bll) 

<w z  V(p, 0+)  -t„z  V(p, 0-),  (B12) 

OX  02 

where  a(p,  ()•  the  charge  density  at  z  ■  is  given  by 

r^o(u»p)dw  (B13) 

2xp  2w  Jo 

and  5(p)  is  the  unit  impulse  function.  Application  of  the 
boundary  conditions  by  direct  substitution  of  Eqs.  (B3)-(B6) 
into  Eqs.  (B7)-(B12)  yields 


2rtfo<0 


coth[a)(a  -  ()]) 


a,m  -  - {>|  (cothMt'-jij  -‘ir 

(Bl 

where  a  and  b  are  given  by 


W-  J 


[  . 

I  ,v.< 


1  » 


.%  J.  A  A 


r4  »*  . 
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a  -  d  +  —  coth-1  — 
<*>  trn 


coth(u)d2) 


b  ■  —  coth 
w 


■  coth(-wdi) 


The  voltage  across  the  electrooptic  crystal  is  given  by 

VLlp)  -  V,(p,  -d)  -  Vu(p,  0).  (B18) 

*  •-  »-  *  • 

By  writing  V(p,  z)  as  a  Hankel  transform  [as  in  Eq.  (Bl)]  and 
by  substituting  Ekjs.  (B3),  (B4),  and  (B14)-(B17)  into  Eq. 
<(Bl8).we  obtain  the  final  expression  for  the  spatial-frequency 
dependence  of  the  potential  drop  across  the  electrooptic- 
crystal  layer. 


I  cosh[oi(a 


sinhMa  -  d)\ _ 

_  |  coth[u)(b  -  f)\ 

^  t  cothMa-01 


_ sinh(uib) _ _ 

This  is  the  result  presented  in  Eq.  (5). 


ACKNOWLEDGMENTS 

This  research  was  supported  in  part  by  the  National  Science 
Foundation,  the  Joint  Services  Electronics  Program,  the  U.S. 
Army  Research  Office,  and  the  Defense  Advanced  Research 
Projects  Agency.  Y.  Owechko  gratefully  acknowledges  the 
support  of  Xerox  and  Schlumberger  Graduate  Fellowships. 
Many  stimulating  conversations  with  Ralph  Aldrich  (Itek 
Corporation),  Cardinal  Warde  (Massachusetts  Institute  of 
Technology),  and  David  Casasent  (Camegie-Mellon  Uni¬ 
versity)  are  gratefully  acknowledged. 

*  Present  address,  Hughes  Research  Laboratories,  3011 
Malibu  Canyon  Road,  Malibu,  California  90265. 

REFERENCES 

1.  B.  A  Horwits  and  F.J.  Corbett, The  PROM— theory  and  ap¬ 
plications  for  the  Pockets  Readout  Optical  Modulator,"  Opt. 
Eng.  17, 363-364  (1978). 

2.  M.  P.  Petrov,  A  V.  Khomenko,  M.  V.  Krasin’kova,  V.  I.  Mara- 
khonov,  and  M.  G.  Shlyagin,  "The  PRIZ  image  converter  and 
ita  use  in  optical  data  processing  systems,"  Sov.  Phys.  Tech. 
Phys.  26,  816-821  (1981). 

3.  D.  Casasent,  F.  Caimi.  and  A  Khomenko,  "Test  and  evaluation 
of  the  Soviet  PROM  end  PRIZ  spatial  light  modulators,”  Appl. 
Opt.  20, 4215-4220  (1981). 

4.  D.  Casasent,  F.  Caimi,  M.  P.  Petrov,  and  A.  V.  Khomenko, 


VoL  1,  No.  6/June  1984/J.  Opt  Soc.  Am.  A  643 

"Applications  of  the  PRIZ  light  modulator,"  Appl.  Opt  21, 
3846-3854  (1982). 

G.  Marie,  "Large-screen  projection  of  television  pictures  with 
an  optical-relay  tube  based  on  the  Pockets  effect"  Philips  Tech. 
Rev.  30,292-298(1969). 

G.  Marie,  J.  Donjon,  and  J.  P.  Hazan,  "Pockets  effect  imaging 
devices  and  their  applications,"  in  Advances  in  Image  Pickup 
and  Display,  B.  Kazan,  ed.  (Academic,  New  York,  1974),  VoL 
1. 

C.  Warde.  A  M.  Weiss,  A  D.  Fisher,  and  J.  L  Thackara,  "Optical 
information  processing  characteristics  of  the  microchannel 
spatial  light  modulator,”  Appl.  Opt  20, 2066-2074  (1981). 

D.  Casasent  "Spatial  light  modulators,”  Proc.  IEEE  65, 143-157 
(1977). 

A.  R.  Tanguay,  Jr.,  “Spatial light  modulators  for  real  time  optical 
processing,"  in  Proceedings- bf  the  ARO  Workshop  on  Future 
Directions  for  Optical  Information  Processing  (Army  Research 
Office,  Research  Triangle  Park,  N.C.,  1981). 

J.  C.  H.  Spence,  "Prospects  for  on-line  image  processing  of  atomic 
resolution  images  using  a  PROM,”  Proc.  Soc  Photo-OpL  In¬ 
strum.  Eng.  218, 154-160  (1980). 

G.  J.  Berzins  and  M.  Graser,  Jr.,  "Response  of  a  BinSiO®  Pockels- 
readout  optical  modulator  to  x-rays,"  AppL  Phys.  Lett  34, 
500-503  (1979). 

Y.  Owechko  and  A  R.  Tanguay,  Jr.,  “Theoretical  resolution 
limitations  of  electrooptic  spatial  light  modulators.  II.  Effects  of 
crystallographic  orientation,”  J.  Opt.  Soc.  Am.  A  1,  644-652 
(1984). 

I.  M.  Krittman,  “Resolution  of  electrostatic  storage  targets,” 
IEEE  Trans.  Electron  Devices  ED-10, 404-409  (1963). 

W.  R.  Roach,  "Resolution  of  electrOoptic  light  valves,"  IEEE 
Trans.  Electronic  Devices  ED-21, 453-459  (1974). 

M.  P.  Petrov,  A.  V.  Khomenko,  V.  I.  Berezkin,  and  M.  V. 
Krasin’kova,  "Optical  information  recording  in  BinSiOjo," 
Ferroelectric*  22, 651-652  (1978). 

R  A  Sprague  and  P.  Nisenson,  “The  PROM— a  status  report,” 
Opt.  Eng.  17, 256-266  (1978). 

Y.  Owechko  and  A.  R.  Tanguay,  Jr.,  "Effects  of  operating  mode 
on  electrooptic  spatial  light  modulator  resolution  and  sensitivity," 
Opt.  Lett.  7, 587-589  (1982). 

Y.  Owechko  and  A  R.  Tanguay,  Jr.,  “Effects  of  crystallographic 
orientation  of  electrooptic  spatial  light  modulator  amplitude  and 
phase  responses,"  Opt.  Commun.  44, 239-242  (1983). 

R.  E.  Aldrich,  S.  L.  Hou,  and  M.  L.  Harvill,  “Electrical  and  optical 
properties  of  BiijSiOjo.”  J-  Appl.  Phys.  42, 493-494  (1971). 

T.  K.  Gaylord  and  M.  G.  Moharam,  “Thin  and  thick  gratings: 
terminology  clarification,”  Appl.  Opt.  20, 3271-3273  (1981). 

A.  R.  Tanguay,  Jr.,  "Czochralski  growth  and  optical  properties 
of  bismuth  silicon  oxide,”  Ph.D.  Dissertation  (Yale  University, 
New  Haven,  Conn.,  1977). 

A  R  Tanguay,  Jr.  and  R.  C.  Barker,  "Implications  of  concurrent 
optical  activity  and  electric  field  induced  birefringence  for  Pockels 
Readout  Optical  Modulator  performance,”  J.  Opt.  Soc.  Am.  68, 
1449  (A)  (1978). 

J.  W.  Goodman,  Introduction  to  Fourier  Optics  (McGraw-Hill, 
New  York,  1968). 

S.  L.  Hou,  R.  B.  Lauer,  and  R  E.  Aldrich,  "Transport  processes 
of  photoinduced  carriers  in  Bil2SiOjo.”  J-  Appl.  Phys.  44, 
2652-2658(1973). 

,  R.  G.  Barrera.  0.  Guzman,  and  B.  Balaguer,  “Point  charge  in  a 
three-laver  dielectric  medium  with  planar  interfaces."  Am.  J. 
Phys.  46. 1 172-1179  ( 1978). 

R.  A.  Sprague.  "Effect  of  bulk  carriers  on  PROM  sensitivity,"  J. 
Appl.  Phys.  46, 167:1-1678  (1975). 


‘.VV.V.V.V...V. 


WWW 


7wjwv<v'.-.  v  V  ->Tt  "•  *  T.'-  V  V  V 

APPENDIX  VII 

644  J.  Opt.  Soc.  Am.  A/Vol.  1,  No.  fi/June  1984 


101 


Y.  Owechko  and  A.  R.  Tanguav.  Jr. 


Theoretical  resolution  limitations  of  electrooptic  spatial  light 
modulators.  II.  Effects  of  crystallographic  orientation 


o 


•* 


Y.  Owechko*  and  A.  R.  Tanguay,  Jr. 

Departments  of  Electrical  Engineering  and  Materials  Science  and  Imoge  Processing  Institute.  University  of 
Southern  California.  Los  Angeles.  California  90089-0483 


Received  October  8. 1982:  accepted  February  28. 1984 

The  point-spread  function  (PSF)  of  an  electrooptic  spatial  light  modulator  (ESLM),  such  as  the  Pockels  Readout 
Optical  Modulator  (PROM)  or  the  PR1Z.  is  derived  for  various  electrooptic  crystal  orientations  and  for  charge  dis¬ 
tributions  consisting  of  one  or  two  point  charges  located  in  the  electrooptic-crystal  bulk.  It  is  shown  that  phase 
modulation  occurs  for  crystallographic  orientations  other  than  (001),  resulting  in  signal-dependent  phase  distor¬ 
tions  in  the  image  plane  and  increased  harmonic  distortion  in  the  Fourier  plane.  By  utilizing  linear  systems  theory, 
ESLM  sensitivity  and  resolution  are  analyzed  by  means  of  generalized  voltage  transfer  functions.  Strikingly 
strong  dependences  on  crystallographic  orientation  and  charge  position  are  shown.  The  effects  of  readout  polar¬ 
ization  on  the  angular  dependence  of  the  phase  and  amplitude  of  the  PSF  for  various  crystallographic  orientations 
are  also  derived. 


1.  INTRODUCTION 

Electrooptic  spatial  light  modulators  (ESLM's)  have  been 
proposed  for  use  in  place  of  photographic  film  as  the  input 
media  in  optical-processing  systems  for  applications  in  which 
real-time  operation  is  required.  These  devices  store  images 
as  charge  patterns  induced  in  a  photoconductor  by  the  input 
image.  The  charge  patterns  modulate  the  electrostatic  fields 
in  an  electrooptic  crystal,  creating  a  modulated  field-induced 
birefringence  or  electrooptic  effect  that,  in  turn,  modulates 
the  polarization  state  of  a  coherent  readout  beam.  The  am¬ 
plitude  (or  phase  or  both)  of  the  readout  beam  is  related  to  the 
intensity  of  the  original  input  image  when  the  ESLM  is  read 
out  between  crossed  (or  suitably  oriented)  polarizers,  allowing 
various  coherent  optical-processing  algorithms  to  be  per¬ 
formed  on  the  image.  Examples  of  ESLM's  are  the  Pockels 
Readout  Optical  Modulator  (PROM),1  PRIZ,-~4  the  Micro¬ 
Channel  Spatial  Light  Modulator  (MSLM),5  PHOTOTITUS, 
and  TITUS6  devices. 

The  resolution  and  sensitivity  of  an  ESLM  are  of  vital  im¬ 
portance  to  its  performance  in  a  coherent  optical  processor. 
An  important  limitation  of  ESLM  resolution  and  sensitivity 
is  field  fringing.  A  delta-function  input  image  results  in  a 
charge  distribution  that  is  sharply  confined  in  the  transverse 
dimensions  (neglecting  diffusion  and  transverse  drift),  but 
the  electric-field  lines  arising  from  it  will,  in  general,  spread 
throughout  the  volume  of  the  electrooptic  cry  stal,  affecting 
both  the  resolution  and  the  sensitivity  of  the  device.  The 
effects  of  field  fringing  are  analyzed  in  Ref.  7  for  the  case  of 
a  charge  distribution  of  one  or  two  point  charges  in  the  elec¬ 
trooptic-crystal  bulk  and  a  crystallographic  orientation  of  the 
electrooptic  crystal  that  ensures  that  only  longitudinal  elec¬ 
tric-field  components  parallel  to  the  light-propagation  di¬ 
rection  contribute  to  the  electrooptic  effect.  The  PROM, 
which  utilizes  bismuth  silicon  oxide  (BiizSiOjo,  or  BSO)  in  a 
(001 )  orientation,  was  used  as  a  specific  example  of  an  ESLM. 
(The  physical  geometry  and  principles  of  operation  of  the 
PROM  have  been  described  previously. l)  The  <  001 )  orien¬ 


tation  and  723  symmetry*  of  BSO  result  in  no  contribution  to 
the  electrooptic  effect  by  electric  fields  transverse  to  the  light 
propagation  direction.7  The  total  integrated  electrooptic 
effect  for  such  a  case  is  proportional  to  the  voltage  across  the 
electrooptic  crystal  and,  as  we  showed  in  Ref.  7,  the  conversion 
process  from  the  input  image-generated  charge  pattern  to  the 
output  light  amplitude  can  be  treated  as  a  linear  system  de¬ 
scribed  by  *  transfer  function.  It  was  shown  that  ESLM 
sensitivity  and  resolution  are  strongly  affected  by  device  layer 
thicknesses  and  dielectric  constants  and  especially  by  charge 
position  within  the  bulk  of  the  electrooptic-crystal  layer. 

In  this  paper,  we  investigate  the  effects  on  ESLM  sensitivity 
and  resolution  of  varying  the  electrooptic-crystal  orientation 
so  that  transverse  fields  can  contribute  to  the  electrooptic 
effect,  as  first  suggested  by  Petrov  et  al .2  To  this  end  we  again 
utilize  both  single-  and  multiple-point-charge  models.  Such 
models  are  necessary  to  take  into  account  the  effects  of  op¬ 
positely  signed  charges  and  exposure-dependent  bulk  charge 
distributions.  These  effects  were  not  included  in  earlier 
models, 2,8  which  assumed  that  the  charge  distribution  is 
confined  to  a  step  function  near  the  electrooptic-crystal  sur¬ 
face.  Enhancement  of  harmonic  distortion  by  signal-de¬ 
pendent  phase  errors  is  shown  to  occur  for  certain  crystallo¬ 
graphic  orientations.  Finally,  the  effects  of  the  readout-light 
polarization  state  on  the  amplitude  and  phase  of  the  ESLM 
point-spread  function  (PSF)  are  demonstrated. 

2.  POINT-SPREAD-FUNCTION  RADIAL 
DEPENDENCE 

The  following  analysis  of  ESLM  resolution,  sensitivity,  and 
phase  response  is  performed  in  terms  of  the  device  PSF  for 
a  charge  distribution  consisting  of  a  single  point  charge  located 
at  an  arbitrary  position  within  the  electrooptic  crystal.  (The 
radial  variation  of  the  PSF  determines  the  response  of  the 
ESLM  to  one-dimensional  sinusoidal  gratings  as  a  function 
of  the  spatial  frequency  u  of  the  grating.)  This  analysis  is 
analogous  to  that  applicable  to  the  (001 )  PROM  device,7 
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except  that  here  the  crystallographic  orientation  is  treated  as 
a  variable  parameter,  such  that  all  three  orthogonal  electric- 
field  components  arising  from  the  point  charge  can  potentially 
contribute  to  the  electrooptic  effect.  Before  a  quantity 
analogous  to  the  PROM  voltage  transfer  function  VtM7 
describing  the  resolution  and  sensitivity  of  an  ESLM  of  ar¬ 
bitrary  crystallographic  orientation  can  be  determined,  the 
effects  of  the  three  orthogonal  field  components  on  the  optical 
properties  of  the  crystal  must  be  derived. 

If  an  electric  field  is  applied  to  an  initially  isotropic  cubic 
crystal  of 723  symmetry  (such  as  BSO  in  the  case  of  the  PROM 
or  PRIZ),  its  effect  on  the  crystal  birefringence  can  be  de¬ 
scribed  by  the  following  deformed  index  ellipsoid: 

*  —  % . —  —  +  2 r4l(Exyz  +  E>zx  +  Erxy)  -  1,  (1) 

no2 

where  Ex,Ey,  and  E,  are  the  components  of  the  field  in  the 
directions  of  the  three  crystallographic  axes  and  r4i  is  the 
electrooptic  coefficient  of  the  crystal.  Since  BSO  is  cubic,  r4i 
m  I’m  m  r 63,  and  all  other  components  of  the  electrooptic  tensor 
vanish.  The  elliptical  cross  section  of  the  index  ellipsoid 
perpendicular  to  the  light-propagation  direction  determines 
the  new  principal  axes  and  indexes.  If  the  ESLM  is  read  out 
between  crossed  polarizers  oriented  to  bisect  the  principal 
axes,  the  output  amplitude  can  be  shown  to  be 

A  -  iAgi'*  sin  G,  (2) 

where 

C  *  (♦  i  -  te)/2, 

in  which  pi  and  fe  ere  the  incremental  phase  shifts  of  the 
components  of  the  readout  light  along  the  two  principal  axes 
and  Ao  is  the  readout-light  amplitude  (corrected  for  surface- 
reflection  losses).  The  retardation  G  represents  one  half  of 
the  phase  difference  between  the  two  axes  induced  by  the 
field;  for  small  signals,  the  output  amplitude  is  proportional 
to  G.  A  phase  error  or  distortion  of  the  output  wave  front  is 
represented  by  the  phase  4,  which  is  caused  by  a  circular 
(uniform)  expansion  of  the  index-ellipsoid  cross  section  in¬ 
duced  by  the  electric  fields.  The  above  expression  neglects 
the  effects  of  natural  optical  activity  in  BSO.'-10 

The  phase  d  end  retardation  G  were  calculated  for  each  of 
the  three  orthogonal  field  components  and  for  various  crys¬ 
tallographic  orientations  by  rotating  the  coordinate  system 
until  the  z  axis  coincided  with  the  light-propagation  direction 
and  then  by  rotating  about  the  new  *'  axis  until  Eq.  (1)  was 
diagonalized.  The  new  x'  and  y'  axes  then  define  the  prin¬ 
cipal  axes  of  the  index-ellipsoid  cross  section,  and  $  and  G  can 
be  easily  extracted  from  the  equation  for  the  cross  section  in 
the  new  coordinate  system. 

The  directions  of  the  three  orthogonal  field  components 
£n.  En,  end  El  and  their  respective  induced  principal  axes 
are  illustrated  in  Fig.  1  for  an  723-class  crystal  of  orientation 
( 11>),  where  y  can  vary  from  zero  « 110))  to  infinity  <(001)). 
This  range  of  orientations  was  chosen  over  the  many  possible 
others  because  it  includes  all  three  orientations  currently  used 
in  PROM  and  PRIZ  constructions  ((001),  (111), and  (110)). 
In  particular,  Ei.  is  the  longitudinal  field  along  (ll>),and  Er> 
and  Eri  are  the  two  orthogonal  transverse  fields  along  <Tl0> 
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Fig.  1.  Orientations  of  longitudinal  and  transverse  electric  fields  and 
their  respective  induced  principal  axes  for  BiijSiOso  (723  symmetry). 
The  longitudinal  field  ( El )  and  one  transverse  field  (Et\)  induce  the 
same  set  of  principal  axes  (open  arrow*),  whereas  the  other  transverse 
field  (£rs)  induces  a  set  of  principal  axes  rotated  by  45*  (dashed  ar¬ 
rows). 


Fig.  2.  Magnitude  of  retardation  G  induced  by  the  three  orthogonal 
field  components  defined  in  Fig.  1  as  a  function  of  crystallographic 
orientation.  The  generalized  voltages  Vti,  Vn,  and  Vi  are  defined 
in  the  text;  G  is  given  in  units  of  tVJV,,  where  a  -  Tl,  T2,  or  L. 


«001»  «1M»  10* 

Fig.  3.  Magnitude  of  phase  0  induced  by  the  three  orthogonal  field 
components  defined  in  Fig.  I  as  a  function  of  crystallographic  orien¬ 
tation.  The  generalized  voltages  VVi.  tV>.  and  VL  are  defined  in  the 
text;  <i>  is  given  in  units  of  *•  V„/Vw,  where  <t  •  Tl.  T2.  or  L. 

and  (ll(2/y)),  respectively.  The  field  En  induces  a  set  of 
principal  axes  rotated  45*  from  the  axes  induced  by  both  El 
and  Er\- 

The  results  of  the  calculations  of  G  and  4  for  the  three  or¬ 
thogonal  field  components  as  functions  of  crystallographic 
orientation  between  (001)  and  (110),  assuming  a  crystal  of 
723  symmetry,  such  as  BSO,  are  presented  in  Figs.  2  and  3.  It 
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is  assumed  that  the  readout  light  is  incident  normal  to  the 
electrooptic-crystal  surface.  The  results  are  expressed  in 
terms  of  generalized  voltages,  defined  as  longitudinal  integrals 
of  the  relevant  field  component  through  the  electrooptic 
crystal  in  the  direction  of  the  readout-light  propagation: 

V ..  -  J^E..dz. 

rt-L.r2.Tl,  (3) 

where  d  is  the  electroopt  ic-crystal  thickness.  ( Because  of  the 
blocking  layers  present  in  these  devices,  Vl  ,  the  voltage  across 
the  electrooptic  crystal,  can  be  spatially  modulated  by  the 
input  image  even  though,  during  operation,  a  constant  voltage 
is  applied  across  the  device.7)  Figure  2  illustrates  the  relative 
contributions  of  the  fields  to  the  retardation  G.  For  the  <001) 
orientation,  only  the  longitudinal  field  El  contributes  to  G. 
The  El  contribution  decreases  to  zero  and  the  transverse 
fields  En  and  £7-1  have  nonzero  contributions  for  both  the 
<111)  and  <110)  orientations.  The  immediate  conclusion  can 
be  drawn  that,  for  the  <111)  and  <110)  orientations,  the 
ESLM  will  pass  only  nonzero  spatial  frequencies,  since  uni¬ 
form  (zero-spatial-frequency)  components  do  not  induce  any 
transverse  fields.  These  devices  will  therefore  act  as  spatial 
bandpass  filters.  The  two  transverse-field  retardations  are 
equal  in  the  <111)  orientation  but  differ  by  a  factor  of  2  in  the 

(110)  orientation.  Figure  3  shows  the  orientation  dependence 
of  the  phase  p  for  the  same  fields  and  orientations  as  in  Fig. 
2.  No  phase  distortions  resulting  from  the  electrooptic  effect 
exist  in  the  <001)  PROM  orientation,  but  nonzero  phase 
distortions  that  result  from  at  least  one  field  component  are 
present  in  all  other  orientations  between  (001)  and  (110), 
including  the  (111)  and  (110)  orientations  used  in  the  PRtZ 
devices.2  These  results  for  the  PROM  and  PRIZ  are  sum¬ 
marized  in  Table  1. 

The  phase  error  due  to  the  longitudinal  field  El  in  the 

(111)  orientation  results  in  a  phase  image  that  premultiplies 
the  transverse  field-induced  amplitude  image.  This  phase 
image  will  increase  the  second-harmonic  distortion  (SHD)  of 
the  ESLM  as  measured  in  the  Fourier  plane.  For  example, 
consider  the  case  of  a  sinusoidal  exposure  distribution  of  cir¬ 
cular  spatial  frequency  <0  imaged  onto  the  ( 1 1 1 )  PRIZ  with 
its  wave  vector  parallel  to  the  Tl  direction.  According  to 
Table  1,  the  phase  4  and  retardation  G  are  given  by 


xVL 

(4) 

G(x)  -  -7=^7-  cos(ux), 
v6  Vw 

(5) 
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where  an  unimportant  constant  term  in  £  has  been  sup¬ 
pressed.  The  half-wave  voltage  for  the  (001 )  orientation,  Vw 
-  X/2n0V.j|  (where  X  is  the  wavelength  of  the  readout  light, 
n0  is  the  refractive  index  of  BSO,  and  r41  is  the  electrooptic 
coefficient  of  BSO),  is  equal  to  4430  V  for  a  readout  wave¬ 
length  of  632.8  nm.9  The  maxima  of  <t>(x)  are  shifted  by  x/ 2 
relative  to  G(x)  because,  by  symmetry,  the  transverse  fields 
are  strongest  midway  between  the  input  exposure  maxima  and 
minima,  whereas  the  longitudinal  fields  are  strongest  at  the 
maxima.  The  effects  of  the  phase  image  on  the  SHD  can  be 
estimated  by  inserting  Eqs.  (4)  and  (5)  into  Eq.  (2).  expanding 
in  a  power  series  to  first  order  in  <t>  and  G,  and  extracting  the 
coefficients  of  the  fundamental-  and  harmonic-frequency 
components.  The  first-  and  second-order  diffraction  ef¬ 
ficiencies,  iii  and  i\2,  can  be  obtained  by  taking  the  magnitude 
squared  of  the  corresponding  coefficients  with  the  following 
results: 
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The  effect  of  the  phase  image,  therefore,  is  to  increase  the 
amount  of  light  diffracted  into  the  second  order,  which  in¬ 
creases  the  SHD.  For  example,  an  exposure  that  induces  a 
Vt  equal  to  2000  V  results  in  a  SHD  of  20%.  Phase  distortions 
in  the  image  plane  translate  into  amplitude  distortions  in  the 
Fourier  plane.  Such  distortions  have  a  deleterious  effect  on 
the  fidelity  of  optical-processing  algorithms  that  require 
Fourier-plane  filtering  operations.  Another  source  (not 
considered  here)  of  possible  phase  errors  in  both  the  PROM 
and  the  PRIZ  is  the  natural  optical  activity  of  BSO.  As  dis¬ 
cussed  elsewhere,9-10  concurrent  optical  activity  and  elec- 
tric-field-induced  birefringence  can  distort  the  output  phase 
of  an  ESLM.  Pronounced  nonlinear  sensitometry  charac¬ 
teristics  also  contribute  to  the  SHD  in  the  PRIZ.11 

According  to  Eq.  (2),  the  output  amplitude  is  equal  to  the 
retardation  G  if  the  phase  $  is  neglected  and  if  the  small-signal 
approximation  (G  «  1)  is  used.  The  retardation  that  results 
from  the  Eti  transverse-field  component  for  a  (lll)-oriented 
ESLM  is  given  by 

CnU.y)  -  ^1-  Eri(x,y,*)dz.  (9) 
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Table  1.  Values  of  G  and  4  for  Three  Orthogonal 
Fields  and  Three  Crystallographic  Orientations  Used 
in  the  PROM  and  PRIZ0 
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It  is  assumed  in  Eq.  (9)  that  the  input  polarization  is  linear  and 
oriented  to  bisect  the  principal  axes  induced  by  £7-1.  If  the 
small-signal  approximation  is  used,  the  PSF  (output  ampli¬ 
tude)  is  proportional  to  G(x,  y)  for  a  delta-function  input 
exposure.  The  PSF  can  be  determined  from  Eq.  (9)  for  the 
case  of  a  point  charge  in  the  electrooptic-crystal  bulk.  The 
potential  resulting  from  a  single  point  charge  is  circularly 
symmetric  about  the  z  axis  or  light-propagation  direction,  so 
that  Eti  can  be  expressed  in  cylindrical  coordinates  as  the 
component  of  the  potential  gradient  in  the  Tl  direction: 

£ri(p.8,z)  -  7-  V(p,z:  ()cos8,  (10) 
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where  p  and  6  are  the  radial  and  angular  coordinates,  re¬ 
spectively,  in  the  transverse  plane,  z  is  the  longitudinal 
coordinate,  and  V(p,  r;  0  is  the  potential  resulting  from  a 
single  point  charge  located  within  the  electrooptic  crystal  at 
position  z  “  — £.  When  expressed  in  terms  of  V(w,  z;  {)  [the 
Fourier-Hankel  transform  of  V(p,  z;  $)  with  respect  to  the 
radial  coordinate],  the  PSF  [Eq.  (9)|  can  be  rewritten,  using 
Eq.  (10),  as 


Gn(P.  ft  4) ! 


x/6  V. 


*  Jo  dfi  |^r  So 

The  transfer  function  of  the  ESLM  is  obtained  by  Fourier 
transforming  the  PSF  (Appendix  A): 


Hr  i(«,  ft  {) 


ix 


Vt(w;  $)cos  ft 


■  where 


y/6  Vr 

VTfa;  ()  ■  «•»  V(«,  z;|)dz. 


(12) 


An  analytic  expression  for  the  potential  !/(«■>,  z;  ()  was  derived 
in  Ref.  7.  The  generalized  voltage  transfer  function  Vr(<*>; 
£)  is  given  by 


point  charge  from  the  electrooptic-crystal/blocking-layer 
interface  in  the  large-spatial-frequency  limit  It  should  be 
noted  here  that  the  measured  diffraction  efficiency  may  not 
decrease  with  spatial  frequency  at  the  rate  predicted  by  the 
magnitude  squared  of  Eq.  (14),  as  might  be  expected  from  Eq. 
(6).  This  is  because  Eq.  (14)  must  be  used  as  a  Green’s 
function  and  integrated  over  the  actual  longitudinal  charge 
distribution.  Qualitative  trends,  however,  may  be  extracted 
from  the  single-point-charge  solution. 

Single-point-charge  transfer  functions  are  compared  in  Fig. 
4  for  two  distinct  charge  positions.  In  Case  A,  the  point 
charge  is  at  an  electrooptic-crystal/blocking-layer  interface, 
and,  in  Case  B,  the  point  charge  is  in  the  center  of  the  elec¬ 
trooptic  crystal.  The  ESLM  is  assumed  to  consist  of  a  500- 
pm- thick  electrooptic  crystal  (BSO,  t„  ■  56)  with  symmetric 
5-pm-thick  blocking  layers,  which  usually  consist  of  parylene,1 
an  organic  polymer  (<M  -  3).  A  (111)  crystallographic  or¬ 
ientation  is  assumed  for  the  transverse-field  device  and  a 
(001 )  orientation  for  the  longitudinal-field  device.  It  is  evi¬ 
dent  from  Fig.  4  that,  as  the  point  charge  is  displaced  off  the 
dielectric-blocking-layer/electrooptic-crystal  interface,  the 
transverse  and  longitudinal  transfer  functions  display  strik¬ 
ingly  opposite  behavior.  The  longitudinal  transfer  function 
Vl(u;  ()  is  zero  for  a  point  charge  in  the  center  of  the  elec- 


Vr(«;£) 


coah[t»>(q  —  d)]  -  cosh[<a(a  -  $)] 


cosh[o)(b  —  {)]  —  cosh(w6) 
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a  —  d  +  —  coth-1 1—  coth(ud ,)]  . 

«  '  J 

b  *  —  coth-1  [—  coth(-wdi)l  .  (13) 

where  di,  dj,  and  <m  are  the  blocking  layer  thicknesses  and 
dielectric  constant;  d  and  <n  are  the  electrooptic  layer 
thickness  and  dielectric  constant;  and  (  is  the  point-charge 
position.  The  function  Vr(w;  f)  is  analogous  to  the  voltage 
transfer  function  Vl(ut,  ()  calculated  in  Ref.  7  for  the  (001) 
orientation,  in  which  only  longitudinal  fields  contribute  to  the 
output,  and  has  the  same  dimensions  (voltage  X  area).  The 
function  Vt\w,  0  describes  how  each  image  spatial-frequency 
component  is  weighted  by  the  ESLM  if  only  transverse-field 
components  contribute  to  the  PSF.  The  high-  and  low-spa¬ 
tial-frequency  limits  of  Vr(w,  {)  are  given  by 

lim  Vflw;  {)  a  — * — 

« —  «««.*»> 

X  jl - — —  [exp(-uiAi)  +  exp(— o)A>)]l  •  (14) 

l  <m  + «*,  \ 

lim  Vr(w,  $)  *  0,  (15) 

HI 

where  A(  and  A_>  are  the  distances  of  the  point  charge  from  the 
two  electrooptic-crystal/dielectric-blocking-layer  interfaces. 
The  function  IV<«:  V  decreases  inversely  with  spatial  fre¬ 
quency  in  the  limit  of  large  spatial  frequencies  and  is  a  func¬ 
tion  of  the  dielectric  constants  of  the  ESLM  layers.  It  has 
only  a  weak  dependence  on  the  charge  position,  in  contrast 
to  the  voltage  transfer  function  V/.( w;  {),  which,  as  was  shown 
in  Ref.  7,  decreases  exponentially  with  the  separation  of  the 


trooptic  crystal.  As  derived  in  Ref.  7,  the  high-spatial-fre- 
quency  form  of  Vt(w;  {)  decreases  exponentially  and  the 
low-spatial-frequency  form  decreases  linearly  with  the  sepa¬ 
ration  of  the  point  charge  from  the  interface.  For  the 
transverse  transfer  function  Vr(w;  £)•  however,  the  depen¬ 
dence  on  charge  displacement  is  opposite  that  for  Vt,(w;  (). 


Kig.  4.  Generalized  single-point -charge  voltage  transfer  functions 
for  two  charge  positions  located  0  pm  (Case  A)  and  2.i0pm  (Case  R) 
from  the  BSO  crystal  surface.  Blocking-layer  and  BSO  thicknesses 
are  assumed  to  be  ft  and  500  pm.  respectively. 
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The  response  is  enhanced  as  the  point  charge  is  moved  away 
from  the  interface,  with  larger  relative  enhancements  for  lower 
spatial  frequencies.  These  different  dependences  on  point- 
charge  position  are  reasonable  from  an  intuitive  point  of  view. 
For  a  point  charge  in  the  center  of  a  symmetric  ESLM,  the 
contributions  from  longitudinal-field  components  on  either 
side  of  the  charge  will  cancel,  leaving  no  net  response.  The 
transverse  field  contributions,  on  the  other  hand,  will  add 
instead  of  cancel,  resulting  in  an  enhanced  response  (see  Fig. 
6).  These  results  seem  to  suggest  that  ESLM’s  that  utitize 
transverse  fields  should  be  more  sensitive  than  longitudinal- 
field  ESLM’s  if  there  is  significant  charge  storage  in  the 
electrooptic-crystal  bulk.  However,  it  is  important  to  realize 
that  physically  realistic  charge  distributions  contain  equal 
numbers  of  oppositely  signed  charges.  In  most  ELSM’s,  in¬ 
cluding  the  PROM  and  PRIZ  devices,  charges  are  generated 
by  the  input  image  in  a  photoconductive  process  in  which 
electrons  and  positively  charged  centers  or  holes  are  photo¬ 
generated  in  pairs.  So  long  as  no  charge  transport  occurs 
across  the  dielectric  blocking  layers,  charge  conservation  must 
hold.  It  should  be  pointed  out,  however,  that  if  significant 
transverse  drift  occurs  so  that  electrons  (which  are  the  mobile 
carriers  in  BSO)  undergo  some  transverse  smearing,  then 
charge  conservation  may  be  effectively  violated,  since  the 
smeared  electrons  will  no  longer  contribute  to  nonzero  spatial 
frequencies. 

In  order  to  model  the  effects  of  charge  conservation,  we  will 
consider  two  cases.  Case  C  (Fig.  5),  in  which  two  oppositely 
signed  charges  are  situated  at  the  interfaces,  models  the  for¬ 
ward  operating  mode,  in  which  the  sign  of  the  applied  voltage 
results  in  electron  transport  in  the  direction  of  light  propa¬ 
gation.  Case  D,  in  which  a  negative  point  charge  is  located 
at  an  interface  and  the  positive  charge  is  in  the  center  of  the 
electrooptic  crystal,  models  the  reverse  operating  mode,  in 
which  the  polarity  of  the  applied  voltage  is  reversed  so  that 
electron  transport  is  opposite  the  direction  of  light  propaga¬ 
tion.  The  device  parameters  are  the  same  as  those  of  Fig.  4. 


smtisl  racouCNCT  (m#  #•,«/*>«  i 

Fig.  5.  Generalized  voltage  transfer  functions  for  a  charge  distri¬ 
bution  consisting  of  two  oppositely  signed  point  charges.  Values  for 
two  charge  distributions  corresponding  to  forward  (Case  C)  and  re¬ 
verse  (Case  D)  operating  modes  are  shown.  Device  parameters  are 
the  same  as  those  for  Fig.  4.  Charge  positions  are  given  in  the 
test. 
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Fig.  6.  Schematic  diagrams  of  the  electrostatic-field  configurations 
for  the  charge  distributions  of  Figs.  4  and  5. 

(The  electrostatic  field  configurations  for  Cases  A  through  D 
are  illustrated  in  Fig.  6.)  By  utilizing  the  principle  of  super¬ 
position,  the  response  for  two  point  charges  is  simply  the  sum 
of  the  individual  responses.  The  longitudinal  response  is  now 
greatly  enhanced  as  compared  with  the  transverse  response, 
especially  for  large  spatial  frequencies.  The  decrease  in  the 
transverse  response  for  two  point  charges  as  compared  with 
one  can  be  explained  by  referring  to  the  high-spatial-fre- 
quency  limit  of  Vr(oi;  £),  given  by  Eq.  ( 14).  For  large  <■>,  Vrta 
$)  approaches  the  same  value  for  all  values  of  the  charge  po¬ 
sition.  Consequently,  for  two  point  charges  of  opposite  sign 
at  different  longitudinal  positions  in  the  PRIZ,  the  sum  of  the 
individual  charge  contributions  will  rapidly  approach  zero  at 
higher  spatial  frequencies.  The  longitudinal  Vj.(w;  £)  re¬ 
sponse,  on  the  other  hand,  varies  greatly  with  charge  position. 
Therefore  the  contributions  from  two  oppositely  signed 
charges  in  different  longitudinal  positions  in  the  PROM  will 
not  necessarily  cancel  at  high  spatial  frequencies  (as  they  do 
in  the  PRIZ  case).  Therefore  cases  in  which  equal  numbers 
of  positive  and  negative  charges  contribute  to  the  image 
modulation  tend  to  favor  the  PROM  response  relative  to  the 
PRIZ.  If  unequal  numbers  of  positive  and  negative  charges 
contribute  to  the  image  modulation,  whether  because  of  leaky 
blocking  layers  or  transverse  drift,  then  the  PRIZ  response 
will  be  improved  relative  to  the  PROM.  PROM  and  PRIZ 
sensitivity  and  resolution  have  strong  but  opposite  depen¬ 
dences  on  the  specific  nature  of  the  charge  distribution.13 
Quantitative  comparisons  of  ESLM  performance  must, 
therefore,  be  made  in  terms  of  a  continuous  charge-distribu¬ 
tion  model  that  includes  the  effects  of  operating  modes  opti¬ 
mized  for  each  device.  Such  a  model  has  been  developed  and 
will  be  discussed  in  the  third  and  fourth  papers  of  this  se¬ 
ries. 

3.  POINT-SPREAD-FUNCTION  ANGULAR 
DEPENDENCE 

The  angular  variation  of  the  PSF  determines  the  response  of 
the  ESLM  to  one-dimensional  sinusoidal  gratings  as  a  func¬ 
tion  of  the  orientation  of  the  grating  wave  vector.  In  order 
to  determine  the  angular  variations  in  both  the  phase  and 
amplitude  of  the  ESLM  PSF,  the  index-ellipsoid  cross  section 
along  the  light-propagation  direction  must  be  found  for  a  field 
distribution  that  contains  components  along  all  three  (Tl,  7*2, 
and  L)  orthogonal  directions.  Additionally,  although  in 
Section  2  the  input  polarization  was  chosen  to  select  only  one 
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transverse-field  component,  for  a  complete  description  of  the 
PSF.  the  effects  of  arbitrary  input  polarizations  on  the  PSF 
angular  dependence  must  he  included.  The  PSF  is  angularly 
isotropic  in  the  <001 )  PROM  because  only  longitudinal  fields 
(which  are  cylindrical!)’  symmetric  about  a  point  charge) 
contribute  to  the  electrooptic  effect.  Furthermore,  because 
the  induced  principal  axes  do  not  vary’  in  orientation,  the  PSF 
is  angularly  isotropic  in  both  the  phase  and  the  amplitude, 
regardless  of  the  polarization  used  to  read  out  the  PROM.  To 
illustrate  the  angular  anisotropy  in  both  the  phase  and  the 
amplitude  of  the  PSF  in  ESLM’s  of  /23-symmetry  crystal 
orientations  other  than  <001),  the  <  1 11  >  orientation  used  in 
the  PRIZ  will  be  analyzed. 

Equation  (1>  represents  the  index  ellipsoid  for  a  crystal  of 
/23  symmetry,  such  as  BiisSiOjo.  when  electric  fields  are  ap¬ 
plied  along  all  three  orthogonal  crystallographic  directions. 
In  order  to  determine  the  index-ellipsoid  cross  section  along 
the  light  propagation  direction,  the  coordinate  system  is  ro¬ 
tated  until  the  z  ’  axis  is  parallel  to  the  <  1 1 1  >  direction.  The 
equation  for  the  cross  section  is  obtained  by  setting  z'  =  0, 
resulting  in 


—  +  -ru(E,-2Ey-2Ex)\x 


■‘♦h- 


-  —  ru{Ey  -E,)x'y' 


wherex'  is  along  <ll2),y'  is  along  <110),andz' is  along  (111); 
Ex ,  Ey,  and  E,  are  fields  along  the  crystallographic  directions; 
n0  is  the  unperturbed  refractive  index;  and  is  the  elec¬ 
trooptic  coefficient.  The  cross  section  is  diagonalized  by 
rotation  of  the  coordinate  system  about  z'.  The  angle  8P 
between  the  principal  axes  and  the  (x',  y ')  axes  is 


Ex  +  Ey  -  2  E, 


The  angle  8P  varies  from  0°  to  45°  as  the  transverse  electric- 
field  vector  rotates  90°  from  (112)  to  (IlO)  in  the  transverse 
plane.  One  of  the  principal  axes  induced  by  the  transverse 
field  £n  along  the  (112)  direction  is  parallel  to  £7*1,  whereas 
the  other  principal  axis  is  normal  to  it.  The  transverse  field 
Et  >  along  <Tl0)  normal  to  £n  induces  another  set  of  prin¬ 
cipal  axes,  both  of  which  are  situated  at  a  45s  angle  with  re¬ 
spect  to  £r.>-  It  will  be  shown  below  that  this  variation  of  8P 
with  the  transverse-field  orientation  leads  to  interesting 
modifications  of  the  PSF  phase  and  amplitude,  which  are  not 
present  in  ESLM’s  that  utilize  longitudinal  effects,  such  as 
the  PROM.  The  equation  for  the  index -ellipsoid  cross  section 
in  the  new  rotated  coordinate  system  is 


j-~  +  A  +  flj  x'*  +  I  ~  +  A  -  b|  >  *’  *  l,  (18) 
(n«r  (no¬ 


where 


.4  ■--7(£1  +£,  +£.) 
3 


H  -  =  r4l<£,  -’  +  £,  +  £.'-  -  £,£,  -  £,£.  -  £,£,)>«. 


A  circularly  symmetric  expansion  or  contraction  of  the  ellip¬ 
soid  cross  section  is  represented  by  the  quantity  .4.  It  is  the 
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source  of  the  phase  factor  of  Eq.  (2).  For  the  ( 1 1 1 )  orienta¬ 
tion,  A  is  nonzero  if  fields  are  present  in  the  <  1 1 1  >  longitudinal 
direction,  as  is  usually  the  case.  The  quantity  B  represents 
a  field-induced  birefringence  and  is  the  source  of  the  retar¬ 
dation  factor  of  Eq.  (2).  Although  the  induced  birefringence 
from  the  longitudinal  field  is  zero,  B  is  nonzero  for  fields  in 
the  transverse  plane. 

Equations  (17)  and  (18)  define  the  index-ellipsoid  cross 
section  for  arbitrary  fields.  To  determine  the  form  of  the  PSF 
for  various  input  polarizations,  the  above  relations  must  be 
combined  with  knowledge  of  the  electric  fields  associated  with 
the  point  charge.  The  point-charge  field  in  cylindrical 
coordinates  is  described  by 


vwfuuiuieb  is  u»iTiueu  uy 

E(p,  8,  z)  =  (fin  cos  8  +  fin  sin  0)Et(p,  z)  +  fi t£x.(p,  z) 

(19) 


where 


fit  -^=(1,1,1),  fir>  «^=  (-1,1.0). 


are  unit  vectors  in  the  longitudinal  and  two  transverse  direc¬ 
tions,  £t  and  £r  are  the  longitudinal  and  transverse  fields, 
respectively,  8  and  p  are  the  angular  and  radial  coordinates, 
respectively,  in  the  (x',  >')  plane,  and  z'  is  the  longitudinal 
coordinate,  as  shown  in  Fig.  7. 

Substituting  Eq.  (19)  into  Eqs.  (17)  and  (18)  results  in 


for  the  orientation  of  the  principal  axes.  This  linear  variation 
of  the  orientation  of  the  principal  axes  with  the  transverse- 
field  orientation  leads  to  an  anisotropic  PSF  for  both  linear 
and  circular  input  polarizations,  as  shown  below.  The  di¬ 
agonalized  equation  for  the  index -ellipsoid  cross  section  be- 


li ■  r"Ei{p- ” + Vi1 4 *'* 


Fig.  7.  Coordinate  system  used  in  derivation  of  (Ml)  PHIZ  PSF. 
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The  incremental  phase  retardations  along  the  principal  axes 


As  derived  by  Jones,13  the  polarization  transfer  matrix 
0P),  which  describes  a  birefringence  rotated  by  angle  0P, 
is  given  by 


cos  dp  —sin  dp]  fexp(f  0i) 
sin  dD  cos  B0  II  0 


fexp(i>i)  0  cos  6p  sin  Bp 
[  0  exp(i>2)  l-sinf?p  cos  8P 


First,  consider  linearly  polarized  input  light  with  polarization 
vector 


*-G3 


w  here  0  is  the  angle  between  the  polarization  vector  and  the 
x'  axis  « 112)  direction).  With  an  orthogonal  analyzer  placed 
after  the  ESLM,  the  PSF  for  linear  polarization  is  given  by 


h(p,  8)  ■  (sin  0  -  cos  0)M(8P) 


m  i  cos(20  -  0)exp[i>(p)jsin  G(p),  (25) 

where  Eq.  (20)  has  been  used  to  substitute  B  for  Bp.  The  radial 
variations  in  the  PSF  are  contained  in  the  phase  and  retar¬ 
dation  terms 

2<s/3V\ 

G{p)  “  10  ‘  (26) 

Phase  modulation  is  caused  by  the  longitudinal  Held.  The 
transverse  Helds  contribute  to  the  retardation.  As  shown  in 
Fig.  8a,  the  PSF  for  linear  input  polarization  consists  of  two 
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Fig.  8.  Angular  variations  in  magnitude  of  ( 1 1 1  >  I’RIZ  PSF  lor  (nl 
linear  ainl  t lit  elliptical  readout  iMtlarizaiiun*.  The  PSF  i.< circularly 
-v ni metric  in  magnitude  for  circularly  |N>l<irized  readout. 


lobes  of  opposite  sign,  the  orientation  of  which  depends  on  the 
orientation  of  the  linear  input  polarization.  Therefore,  for 
a  sinusoidal  grating  input  exposure,  the  phase  of  the  output 
amplitude  depends  on  both  the  amplitude  of  the  longitudinal 
Helds  and  the  grating-wave-vector  orientation  [through  the 
sign  of  cos(2/3  —  0)). 

If  elliptically  polarized  light  is  used  to  read  out  the  ESLM, 
its  polarization  may  be  given  by 

Ao-M.  (27) 

\z  sm  pi 

where  0  is  now  a  parameter  that  determines  the  ellipticity. 
Circularly  polarized  light  results  if  0  =  w/4.  The  PSF  for  el¬ 
liptically  polarized  readout  with  an  orthogonal  elliptical  an¬ 
alyzer  placed  in  back  of  the  ESLM  is 


h(p,  8)  =  (sin  0  i  cos  0 )M(6P) 


cos/3 
i  sin  0 


=  ( i  cos  6  -  sin  20  sin  9)exp[(<Mp)]sin  G(p), 

(28) 

where,  again,  Eq.  (20)  has  been  used  to  substitute  6  for  8P. 
The  form  of  the  PSF  is  shown  in  Fig.  8b  for  0  =  r/8.  For 
general  elliptical  polarizations,  the  PSF  is  anisotropic  in  both 
phase  and  amplitude.  In  the.  case  of  circularly  polarized 
readout  light,  Eq.  (28)  reduces  to 

h(p,  B)  =  i  exp(i#)exp[i>(p)]sin  G(p).  (29) 

The  amplitude  of  the  PSF  for  circular  polarization  is  circularly 
symmetric,  but  the  phase  variations  cover  the  entire  unit  circle 
in  the  complex  plane.  Physically,  this  is  caused  by  the  rota¬ 
tion  of  the  principal  axes  as  the  transverse  Held  rotates  [see 
Eq.  (20)],  which  alters  the  phase  of  the  output.  (Buhrer  et 
al.u  have  used  this  effect  in  ( 1 1 1 ) -oriented  cubic  crystals  to 
achieve  optical  single-sideband  suppressed-carrier  trans¬ 
mission  with  a  transverse  electrooptic  modulator.)  As  in  the 
linear  polarization  case,  a  signal-dependent  phase  is  present 
The  change  in  sign  of  the  PSF  on  reflection  through  the  origin 
for  both  linear  and  elliptical  polarization  ensures  that  the 
PRIZ  has  no  zero  spatial-frequency  response  since  the  two- 
dimensional  spatial  integral  of  the  PSF  is  zero.  The  above 
results  extend  the  analysis  by  Petrov  and  Khomenko15  of  the 
angular  variations  in  the  PRIZ  PSF  to  include  the  effects  of 
the  longitudinal  fields  and  the  readout-light  polarization  state 
on  the  PSF  phase. 

The  phase  effects  in  the  PRIZ  can  be  made  visible  in  the 
image  plane  by  a  constant  bias  Fo-  Such  a  constant  bias  can 
be  caused  by  nonzero  extinction  of  the  polarizers  or  by 
strain-induced  birefringence  in  the  electrooptic  crystal.  If 
the  radial  dependence  of  the  PRIZ  PSF  is  incorporated  in  ftp), 
then  the  PSF’s  for  linear  and  circular  polarization  with  bias 
Fp  can  be  written  as 

h  (p,  6)  -  f(p) cos(2/3  -  6)  +  F0  (30) 

for  linear  polarization  and 

h(p,0)-/(p)ie<»  +  Fo  (31) 

for  circular  polarization.  The  effects  of  Fq  on  the  angular 
symmetry  of  the  PRIZ  PSF  can  be  determined  by  deflning  Fo 
as  equal  to  some  fraction  fa  of  f(p)  at  a  particular  pm  pp.  It 
then  becomes  clear  from  Eqs.  (30)  and  (31)  that  constructive 
and  destructive  interference  occurs  between  Fo  and  different 
lobes  of  the  PSF,  resulting  in  asymmetric  PSF’s.  The  angular 
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Fig.  9.  Effects  of  constant  background  leakage  on  angular  variations 

in  magnitude  of  <111)  PRIZ  PSF. 

dependence  of  the  magnitudes  of  the  PSF’s  for  linear  and 
circular  polarizations  (for  a  value  of  fo  =  0.5)  is  illustrated  in 
Fig.  9.  The  effect  of  the  bias  is  to  destroy  the  inversion 
symmetry  of  the  PRIZ  PSF’s,  which  results  in  asymmetric 
imaging  properties.  The  visual  effect  of  these  asymmetries 
is  shadowing  or  reliefing  of  the  image  in  which  edges  on  one 
side  of  an  object  are  brighter  than  edges  on  the  other  side. 
Such  asymmetries  are  not  present  in  the  PROM  because  the 
phase  of  its  PSF  does  not  change  on  reflection  through  the 
origin,  resulting  in  no  constructive  or  destructive  interference 
with  the  bias  term. 

The  PRIZ  transfer  functions  corresponding  to  the  PSF’s 
for  linearly  and  circularly  polarized  light  given  by  Eqs.  (25) 
and  (29)  are 


H(w,  8;  £)  »  — cos(2/?  —  0) 


*vT(u;  i) 
Vev, 


for  linear  polarization  and 


*«.,*  (33) 

V6  V, 

for  circular  polarization.  The  radial  and  angular  polar  coor¬ 
dinates  in  the  Fourier  plane  are  given  by  u  and  0,  respectively, 
0  is  the  orientation  of  the  linear  polarization,  and  VY(«;  £)  is 
given  by  Eq.  (13).  A  small-signal  approximation  was  used, 
and  the  signal-dependent  phase  was  neglected.  (The  angular 
dependences  of  the  magnitude  of  the  amplitude  agree  with 
previous  derivations  and  experimental  measurements  of  the 
diffraction  efficiency.15)  Note  that  the  angular  phase  varia¬ 
tions  present  in  the  PSF  are  also  present  in  the  Fourier  plane. 
The  output  phase  of  gratings  imaged  onto  the  PRIZ  will  vary 
with  the  orientation  of  the  grating  wave  vector.  The  phase 
can  vary  over  the  entire  unit  circle  in  the  complex  plane. 
These  phase  anisotropies  in  the  PRIZ  transfer  functions  may 
affect  the  use  of  PRIZ  ESLM’s  in  applications  in  which  phase 
uniformity  is  important. 

4.  CONCLUSIONS 

In  this  study  we  have  derived  the  point-spread  functions  and 
transfer  functions  for  electrooptic  spatial  light  modulators  of 
various  crystallographic  orientations,  specifically  the  PROM 
and  PRIZ  devices,  for  the  cases  of  one  or  two  point  charges  in 
the  electraoptic-crystal  bulk.  It  has  been  shown  that  the 
sensitivity  and  resolution  depend  strongly  on  the  charge  dis¬ 
tribution  and  on  the  crystallographic  orientation.  In  addition, 
the  importance  of  treating  charge  conservation  in  any  model 


of  ESLM  performance  was  demonstrated.  Since  the  relative 
performance  of  the  PROM  and  PRIZ  devices  depends 
strongly  on  the  operating  mode  used  and  on  the  resultant 
charge  distribution,  quantitative  comparisons  of  the  devices 
in  terms  of  sensitivity  and  resolution  can  be  made  only  in  the 
context  of  a  more  realistic  continuous  charge-distribution 
model,  using  operating  modes  optimized  for  each  device. 
Such  a  model  will  be  described  in  subsequent  papers  in  this 
series. 

Signal  dependent  phase  effects  are  present  in  the  PRIZ  that 
distort  the  phase  of  the  output  wave  front  and  increase  the 
SHO.  (Another  strong  contribution  to  the  SHD  in  the  PRIZ 
is  its  nonlinear  sensitometry  characteristics.11)  Polariza¬ 
tion-dependent  phase  effects  are  also  present  in  the  PRIZ 
because  of  the  simultaneous  excitation  of  two  sets  of  principal 
axes  by  the  three  orthogonal  electric-field  components. 
Neither  of  these  effects  is  present  in  the  PROM.  The  PRIZ 
polarization-dependent  phase  distortions  can  be  made  visible 
by  a  constant  bias  caused  either  by  strain-induced  birefrin¬ 
gence  in  the  electrooptic  crystal  or  by  incomplete  polarizer- 
analyzer  extinction.  The  phase  and  amplitude  distortions 
mentioned  above,  which  occur  when  novel  crystallographic 
orientations  are  used  in  ESLM  construction,  are  important 
factors  to  consider  in  the  design  of  real-time  optical-processing 
systems. 

APPENDIX  A.  CALCULATION  OF  THE 
TRANSVERSE-EFFECT  ESLM  TRANSFER 
FUNCTION 

The  PSF  of  a  transverse  effect  ESLM  ((111)  PRIZ)  for  a 
readout  polarization  that  selects  the  Et\  transverse-field 
component  was  given  in  Eq.  (11)  and  is  rewritten  below  in 
rectangular  coordinates  with  the  order  of  integration  re¬ 
versed: 


Gn(*»y;  {) ! 


X  exp[i(wxx  -I-  (Dyy JJdoajdu^.  (Al) 

As  was  mentioned  in  Section  2,  the  above  expression  for  the 
PSF  is  accurate  only  in  the  small-signal  approximation  for 
which  the  output  is  proportional  to  the  retardation  G.  The 
ESLM  transfer  function  is  given  by  the  Fourier  transform  of 
Eq.  (Al): 
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Since  V(wx,«v,r;  £)  is  circularly  symmetric  about  the  z  axis 
and  since  Ej\  is  parallel  to  the  x  axis,  the  above  transfer 
function  can  be  rewritten  in  polar  coordinates  as  ‘ 
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This  is  the  result  presented  in  Eq.  (12). 
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Photorefractive  materials  have  been  extensively  used  in 
recent  years  as  real-time  recording  media  for  optical  holog¬ 
raphy.1-3  One  prospective  application  of  real-time  holography 
is  in  the  area  of  optical  information  processing;  for  example, 
the  correlation  between  two  mutually  incoherent  images  has 
recently  been  demonstrated  in  real  time  in  a  four-wave  mixing 
geometry.3  Often,  however,  the  information  to  be  processed 
exists  only  in  incoherent  form.  High  performance  spatial  light 
modulators4  are  thus  necessary  in  many  optical  information 
processing  systems  to  convert  incoherent  images  to  coherent 
replicas  for  subsequent  processing.  We  report  in  this  Com¬ 
munication  the  successful  demonstration  of  real-time  inco- 
herent-to-coherent  image  transduction  through  the  use  of 
holographic  recording  in  photorefractive  crystals.  Several 
possible  configurations  and  experimental  results  are  pre¬ 
sented. 

The  interference  of  two  coherent  beams  in  the  volume  of 
a  photorefractive  crystal  generates  nonuniformly  distributed 
free  carriers,  which  are  redistributed  spatially  by  diffusion 
and/or  drift  in  an  external  applied  field.  The  subsequent 
trapping  of  the  free  carriers  in  relatively  immobile  trapping 
sites  results  in  a  stored  space-charge  field,  which  in  turn 
modulates  the  index  of  refraction  through  the  linear  elec¬ 
trooptic  effect3  Thus  a  volume  phase  hologram  is  recorded. 
If  the  two  coherent  beams  are  plane  waves,  a  uniform  phase 
grating  is  established.  An  incoherent  image  focused  in  the 
volume  of  the  photorefractive  material  will  spatially  modulate 
the  charge  distribution  stored  in  the  crystal.  This  spatial 
modulation  can  be  transferred  onto  a  coherent  beam  by  re¬ 
constructing  the  holographic  grating.  The  spatial  modulation 
of  the  coherent  reconstructed  beam  will  then  be  a  negative 
replica  of  the  input  incoherent  image.  The  holographic 
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Fig.  2.  Incoherent- to-coherent  conversion  utilizing  phase  conjugation 
in  four-wave  mixing:  (a)  spoke  target;  (b)  USAF  resolution  target. 
The  group  3.6,  corresponding  to  a  resolution  of  14.3  lp/mm,  is  well 
resolved. 
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Fig.  4.  Fourier  transform  of  a  grid  pattern  formed  after  a  pholcre- 
fractive  incoherent -to-coherent  conversion  of  the  grid  pattern  pattern 
image. 


grating  can  be  recorded  before,  during,  or  after  the  crystal  is 
exposed  to  the  incoherent  image.  Therefore,  a  number  of 
operating  modes  are  possible.  These  include  the  Grating 
Erasure  Mode  (GEM),  the  Grating  Inhibition  Mode  (GIM), 
and  the  Simultaneous  Erasure  Writing  Mode  (SEWM), 
among  others. 

In  the  Grating  Erasure  Mode,  a  uniform  grating  is  recorded 
by  interfering  the  two  writing  beams  in  the  photorefractive 
crystal.  This  grating  is  then  selectively  erased  by  incoherent 
illumination  of  the  crystal  with  an  image-bearing  beam.  The 
incoherent  image  may  be  incident  either  on  the  same  face  of 
the  crystal  as  the  writing  beams  or  on  the  opposite  face. 
When  the  absorption  coefficients  of  the  writing  and  image¬ 
bearing  beams  give  rise  to  significant  depth  nonuniformity 
within  the  crystal,  these  two  cases  will  have  distinct  wave¬ 
length-matching  conditions  for  response  optimization. 

In  the  Grating  Inhibition  Mode,  the  crystal  is  pre- illuminated 
with  the  incoherent  image-bearing  beam  prior  to  grating 
formation.  This  serves  to  selectively  decay  (enhance)  the 
applied  transverse  electric  field  in  exposed  (unexposed)  re¬ 
gions  of  the  crystal.  After  this  pre-exposure,  the  writing  beams 
are  then  allowed  to  interfere  within  the  cry  stal,  causing  grating 
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formation  with  spatially  varying  efficiency  due  to  vast  dif¬ 
ferences  in  the  local  effective  applied  field.  This  technique 
will  also  work  in  the  diffusion  limit  with  no  external  applied 
field  by  means  of  a  similar  physical  mechanism 

In  the  Simultaneous  Erasure  Writing  Mode,  the  conventional 
degenerate  four-wave  mixing  geometry  is  modified  to  include 
simultaneous  exposure  by  an  incoherent  image-bearing  beam, 
as  shown  schematically  in  Fig.  1.  Diffraction  by  a  phase 
grating  in  the  four-wave  mixing  configuration  has  been 
modeled  following  two  different  approaches/  "  Common  to 
both  analyses,  the  diffracted  intensity  is  proportional  to  both 
the  readout  intensity  and  the  square  of  an  effective  modula¬ 
tion  ratio,  in  the  first-order  approximation,  and  assuming  no 
pump  depletion.  In  addition,  a  uniform  beam  incident  on  the 
photosensitive  medium  at  an  arbitrary  angle  decrea>es  the 
modulation  ratio  and  hence  the  overall  diffraction  efficiency/ 
In  the  SEWM  configuration,  these  effects  can  be  combined 
with  the  diffraction  of  a  conjugate  beam  in  a  four-wave  mixing 
geometry  to  perform  the  incoherent-to-coherent  image  con¬ 
version.  In  particular,  this  conversion  can  be  regarded  as 
caused  by  selective  spatial  modulation  of  the  grating  by  spatial 
encoding  of  the  incoherent  erasure  beam.  It  should  be  noted 
here  that  a  related  image  encoding  process  could  be  imple¬ 
mented  in  a  nonholographic  manner  by  premultiplication  of 
the  image  with  a  grating.9 

In  our  experiments,  we  have  successfully  produced  inco¬ 
herent  to-coherent  conversions  in  all  three  operating  mode 
configurations  as  well  as  in  several  modifications  of  the  basic- 
arrangements  described  above.  We  present  here  experi¬ 
mental  results  from  our  implementations  of  the  Simultaneous 
Erasure  Writing  Mode. 

The  experimental  arrangement  in  one  implementation  is 
as  shown  in  Fig.  1.  The  two  plane  wave  writing  beams  (la¬ 
beled  7 1  and  I  j  are  generated  from  an  argon  laser  t\  =  -514 
nm  t  and  interfere  inside  the  photorefractive  crystal  to  create 
a  phase  volume  hologram.  The  readout  beam  7 collinear 
with  7 1  to  satisfy  the  Bragg  condition,  diffracts  the  phase 
conjugate  beam  I4  at  the  same  wavelength  and  with  increased 
diffraction  efficiency  when  a  transverse  electric  field  is  applied 
to  the  electrooptic  medium.  An  incoherently  illuminated 
transparency  7{x,y)  with  intensity  7,(x,y)  (either  quasi- 
monochromatic  or  white  light)  is  imaged  in  the  plane  of  the 
crystal.  The  beam  splitter  BS  separates  the  diffracted  signal 
from  the  writing  beam;  the  Polaroid  filter  P  in  the  output 
plane  eliminates  the  unwanted  scattered  light  to  enhance  the 
signal-to-noise  ratio.10  The  photorefractive  material  utilized 
was  a  single  crystal  of  bismuth  silicon  oxide  (BSO),  cut  to 
expose  polished  (110)  faces,  and  of  dimensions  7.3  X  6.9  X  1.3 
mm0. 

A  transverse  electric  field  Eo  =  4  kV/cm  was  applied  along 
the  [TlO]  axis  perpendicular  to  the  polished  faces.  The  carrier 
frequency  of  the  holographic  grating,  /  =  300  lp/mm,  was 
within  the  optimum  range  for  the  drift-aided  charge  transport 
process.11  The  vertically  polarized  coherent  writing  beam  and 
signal  intensities  were  7i,2  =  0.4  mW/cm2  and  7,  =  8  raW/cm-’, 
respectively.  Figure  2  shows  the  converted  images  obtained 
from  two  binary  transparencies  (a  spoke  target  and  a  USAF 
resolution  target).  The  illumination  was  provided  by  a  xenon 
arc  lamp  through  a  broadband  filter  centered  at  X  =  545  nm 
(FWHM  *  100  nm).  An  approximate  resolution  of  15  lp/mm 
was  achieved  without  optimizing  factors  such  as  the  optical 
properties  and  quality  of  the  crystal,  the  depth  of  focus  in  the 
bulk  of  the  medium,  the  carrier  frequency  of  the  grating,  and 
the  relative  intensities  and  wavelengths  of  the  various  beams. 
This  spatial  bandwidth  is  comparable  with  that  obtained  with 
a  PROM12  or  a  liquid  crystal  light  valve.10 

The  image  shown  in  Fig.  3  demonstrates  the  capability  of 


the  technique  to  reproduce  many  grey  levels.  To  obtain  this 
image,  a  negative  transparency  was  illuminated  with  blue  light 
(X  =  4S8  nm)  derived  from  an  argon  laser  and  was  focused  on 
the  BSO  crystal.  The  holographic  grating  was  recorded  with 
green  light  (X  =  514  nm)  and  read  out  with  an  auxiliary  red 
beam  (X  =  6328  A). 

The  2-D  Fourier  transform  formed  by  a  lens  after  the  in¬ 
coherent-to-coherent  conversion  of  a  grid  pattern  is  shown  in 
Fig  4.  The  fundamental  spatial  frequency  of  the  grid  was  ~1 
lp/mm.  The  existence  of  several  diffracted  orders  and  the 
well-focused  diffraction  pattern  are  positive  indications  that 
the  device  is  suitable  for  coherent  optical  processing  opera¬ 
tions. 

Although  these  results  are  preliminary,  they  clearly  dem¬ 
onstrate  the  feasibility  of  real-time  incoherent-to-coherent 
conversion  utilizing  phase  conjugation  in  photorefractive  BSO 
crystals.  This  device  has  potential  for  incoherent-to-coherent 
conversion  with  high  resolution,  which  can  be  realized  by 
optimizing  the  optical  properties  and  quality  of  the  crystal, 
the  depth  of  focus  in  the  bulk  of  the  medium,  the  carrier  fre¬ 
quency  of  the  grating,  and  the  relative  intensities  and  wave¬ 
lengths  of  the  various  beams.  In  addition,  such  a  device  is 
quite  attractive  from  considerations  of  low  cost,  ease  of  fab¬ 
rication.  and  broad  availability.  With  such  a  device,  nu¬ 
merous  optical  processing  functions  can  be  directly  imple¬ 
mented  that  utilize  the  flexibility  afforded  by  the  simulta¬ 
neous  availability  of  incoherent-to-coherent  conversion  and 
volume  holographic  storage. 
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ABSTRACT 


A  method  for  performing  incoherent-to-coberent  conversion  in  photoref raetiva  crystals 
is  presented.  The  technique  is  experimentally  demonstrated  in  Bi12Si020  and  a  theoretical 
framework  is  established  to  analyze  the  performance  of  the  device. 
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Two  dimensional  optical  transparencies  are  used  in  the  implementation  of  optical  image 
processing  systems  as  input  incoherent-to-coberent  transducers,  and  are  also  used  for  the 
recording  of  Fourier  transform  holograms.  Most  of  the  early  optical  Image  processors  were 
implemented  using  photographic  film  for  both  purposes.  The  need  for  real  time  operation  has 
prompted  the  development  of  devices  with  which  it  is  possible  to  form  reusable  optical 
transparencies  at  high  speed  [1,  2].  In  general,  however,  real  time  devices  that  are 
intended  for  use  as  input  spatial  light  modulators  (SLMs)  are  not  suitable  for  holographic 
recording  and  vice-versa.  nils  distinction  exists  partially  due  to  the  fact  that  a  much 
higher  spatial  bandwidth  is  necessary  for  holographic  recording,  while  at  the  same  time  the 
properties  of  high  resolution  holographic  recording  media  (low  sensitivity,  response  at  low 
spatial  frequencies)  are  not  always  compatible  with  the  requirements  of  an  efficient 
incoherent-to-coherent  conversion  process.  Such  a  resolution-sensitivity  tradeoff  is 
familiar  from  the  example  of  photographic  (silver  halide)  films,  for  which  high  spatial 
bandwidth  is  in  general  accomplished  at  the  expense  of  lower  sensitivity. 

The  dichotomy  between  input  SLNs  and  holographic  elements  is  particularly  evident  in 
devices  that  are  fabricated  with  photoref ractive  (PR)  crystals.  Photoref ractive  crystals 
are  photosensitive  as  well  as  electrooptic.  This  feature  makes  it  possible  to  record  an 
optical  image  in  such  crystals,  and  subsequently  modulate  a  separate  optical  beam  with  the 
recorded  image.  Real  time  SLMs,  such  as  the  PROM  [3],  have  been  fabricated  with  the 
photorefractive  material  Bi12Si02n,  and  this  same  crystal  has  also  been  used  extensively  in 
real-time  holographic  experiments  [4] .  The  configuration  and  the  properties  of  the 
holographic  devices,  however,  are  quite  different  from  the  PROM  and  other  similar  SLMs  that 
are  fabricated  with  Bi12Si020. 


In  this  paper  we  examine  a  method  for  performing  incoberent-to-coherent  conversion  with 
a  photorefractive  device  in  the  holographic  configuration.  There  are  two  primary  reasons 
that  have  motivated  us  to  investigate  this  possibility:  first,  the  construction  of  the 
holographic  device  is  inexpensive  and  simple,  and  second,  it  is  possible  to  record  very  high 
spatial  frequencies  in  photorefractive  crystals  in  the  holographic  configuration.  This 
technique  has  been  recently  demonstrated  experimentally  by  Kamshilin  and  Petrov  (5)  and 
independently  by  the  authors  [6] .  in  this  paper  the  method  is  described,  experimental 
results  are  presented,  and  an  analytical  model  is  employed  to  determine  the  electric  fields 
induced  in  the  photorefractive  crystal  by  this  recording  .mechanism. 


INCOHERENT- TO-COHERQiT  CONVERSION 


465"0: 


The  photoref ractive  incoherent-to-coherent  optical  converter  ia  shown  in  Fig.  1.  The 
photorefractive  crystal  is  exposed  to  the  interference  pattern  of  two  coherent  plane  waves, 
which  induces  the  formation  of  a  phase  grating  in  the  crystal.  An  electric  field  is 
externally  applied  in  a  direction  parallel  to  the  grating  wavevector.  The  grating  formation 
is  attributed  to  photo-induced  generation  and  subsequent  retrapping  of  free  carriers, 
resulting  in  a  stored  periodic  space-charge  field.  The  space-charge  field  introduces  a 
proportional  modulation  of  the  index  of  refraction  in  the  crystal  through  the  electrooptic 
effect.  In  the  configuration  of  Fig.  1,  the  crystal  is  also  exposed  to  the  incoherent  image 
of  an  input  object.  The  exposure  to  the  incoherent  intensity  can  take  place  during,  after, 
or  before  the  formation  of  the  holographic  grating.  It  is  assumed  that  the  depth  of  focus 
of  the  imaging  system  is  sufficiently  long  so  that  the  incoherent  image  is  focused 
throughout  the  volume  of  the  photorefractive  crystal. 

The  incoherent  illumination  induces  photogenerated  carriers  in  the  conduction  band.  As 
these  carriers  diffuse  or  drift  and  are  retrapped,  they  partially  cancel  the  holographically 
induced  space-charge  distribution,  resulting  in  local  erasure  of  the  holographic  grating  in 
proportion  to  the  incoherent  intensity.  The  space-charge  field  that  results  from  the 
combined  exposure  to  the  coherent  and  incoherent  beams  is  a  periodic  grating  whose  amplitude 
is  modulated  approximately  proportional  to  the  negative  of  the  incoherent  image.  A  coherent 
reproduction  of  the  incoherent  image  can  be  obtained  by  illuminating  the  crystal  with  an 
auxiliary  laser  beam  at  the  appropriate  Bragg  angle  and  subsequently  forming  an  image  of  the 
diffracted  light. 


Fig.  1.  Optical  system  for  the  implementation  of  lncoherent-to-coherent  conversion 
with  a  photorefractive  crystal. 
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The  system  of  Pig.  1  was  assembled  In  the  laboratory  to  demonstrate  experimentally  the 
feaaibllity  of  this  technique.  A  (110)  plate  of  aingle  crystal  Bii2Si020  (BSO)  with 
dimensions  10m  x  10mm  x  2m  was  used  and  an  electric  field  equal  to  6kV/cm  was  applied  in 
the  <001>  direction.  The  holographic  grating  was  formed  with  green  light  (X  -  514  nm) 
derived  from  an  Argon  ion  laser  at  a  spatial  frequency  equal  to  10  line  pairs/mm.  The 
average  intensity  of  the  coherent  beam  was  33  mW/cm2 .  The  Bii2Si020  crystal  was  exposed 
simultaneously  to  an  incoherent  image  with  average  intensity  1.7  mW/cm  .  The  recorded  image 
was  read  out  with  an  expanded  beam  from  a  HeNe  laser  as  shown  in  Pig.  4,  and  the  coherent 
replica  was  obtained  by  imaging  the  plane  of  the  Bii2Si02o  plate  onto  the  output  plane. 
Examples  of  images  that  were  recorded  after  incoherent-to-coherent  conversion  are  shown  in 
Pig.  2. 

A  complete  description  of  the  performance  that  was  observed  in  these  initial 
experiments  is  presented  in  a  separate  paper  in  this  volume  [7].  We  will  briefly  summarixe 
some  of  the  results  here.  Spatial  frequencies  in  excess  of  10  iine  pairs/mm  were  recorded 
and  reconstructed ,  resulting  in  converted  images  with  over  10  resolvable  pixels  with  the  1 
cm  crystal  used  in  the  experiments.  There  is  a  direct  trade-off  between  sensitivity  and 
speed.  Response  times  approximately  equal  to  30  msec  were  observed  with  relatively  high 
incoherent  intensity;  at  lower  intensities  (^  1  mW/cm2)  the  response  time  was  approximately 
equal  to  500  msec.  It  should  be  emphasized  that  these  characteristics  are  simply 
preliminary  observations  at  this  stage.  All  of  the  performance  characteristics  depend 
strongly  on  materials  and  configuration  parameters,  and  numerous  trade-offs  exist.  The 
physical  mechanisms  that  impose  the  fundamental  limitations  must  be  identified  before  the 
parameters  can  be  chosen  to  yield  optimum  overall  performance.  To  this  end,  a  mathematical 
model  is  employed  to  analyze  incoherent-to-coherent  conversion  in  photoref ractive  crystals, 
as  described  in  the  following  section. 


Pig.  2.  Examples  of  photoref ractive  incoherent-to-coherent  conversion. 


MATHEMATICAL  MODEL 


Holographic  grating  formation  in  photoref ractive  crystals  has  been  extensively  modeled 
[8].  The  same  basic  formalism  can  also  be  used  to  analyze  incoherent  image  recording  in 
•  photoref ractive  crystals  through  erasure  of  a  holographic  grating.  The  analytical  framework 

that  has  been  proposed  by  Kukhtarev  [8]  is  based  on  the  following  set  of  equationsi 
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is  the  density  of  electrons  in  the  conduction  band 
is  the  density  of  vacant  donor  sites 
is  the  electron  charge 
is  the  current  density 

is  the  coordinate  along  which  the  external  voltage  is  applied 

is  the  absorption  cross  section 

is  the  intensity  of  the  incident  optical  wave 

is  the  total  density  of  donor  sites 

is  the  recombination  coefficient 

is  the  electric  field  in  the  crystal 

is  the  dielectric  constant 

is  the  density  of  vacant  acceptor  sites  in  the  dark 
is  the  mobility 
is  Boltxmann's  constant 
is  the  temperature 

is  the  amplitude  of  the  electric  field  of  the  read-out  light 
is  the  optical  frequency 
is  the  electrooptic  coefficient 
is  the  index  of  refraction 


Equations  (l)-(4)  can  be  solved  to  determine  the  electric  field  E  that  is  induced  in 
the  crystal  by  exposure  to  the  input  optical  Intensity  Z.  Equation  (5)  is  the  wave 
equation,  including  the  polarisation  field  that  is  induced  by  the  electric  field  in  the 
crystal  through  the  electrooptic  effect.  Once  the  electric  field  E  is  determined  from  Eqs. 
<l)-(4),  Eq.  (5)  can  be  solved  using  coupled  mode  analysis  [10]  to  determine  the  optical 
field  diffracted  by  the  photorefractive  crystal.  In  this  paper  we  concentrate  on 
determining  only  the  induced  field  E.  We  consider  the  simultaneous  exposure  of  the  crystal 
to  the  coherent  grating  and  an  incoherent  image.  The  total  light  intensity  incident  on  the 
crystal  is  the  sum  of  the  coherent  and  incoherent  intensities > 
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where 


ia  the  average  intensity  of  the  coherent  light,  m_  is  the  nodulation  depth  and 


Kc/2n  is  the  spatial  frequency  of  the  coherent  grating.  The  intensity  of  the  incoherent 
image  is  given  by  I^x,  t) . 

The  set  of  Eqs.  ( 1)  —  { 4)  describe  a^ystem  with  input  intensity  I(x,  t) ,  the  state  of 
which  is  described  by  the  four  variables  Nq,  n,  J  and  E.  The  solution  of  the  four  equations 
yields  the  electric  field  E.  The  fidelity  with  which  the  incoherent  image  X<  is  recorded 

can  be  investigated  by  studying  the  relationship  between  E  and  ii#  The  solution  of  Eqs. 
(l)-(4)  is  in  general  difficult  because  they  are  nonlinear.  Often  these  equations  are 
solved  by  making  simplifying  assumptions  that  lead  to  full  or  partial  linearisation.  The 
effect  that  we  are  investigating,  however,  is  based  on  the  nonlinearities,  and  we  are 
therefore  primarily  interested  in  characterising  the  nonlinear  part  of'  the  response  of  the 
system.  For  this  reason,  we  have  included  in  the  analysis  all  of  the  nonlinear  terms.  The 
strongest  nonlinearity  typically  occurs  in  Eq.  (4)  where  the  current  density  J  is 
proportional  to  the  product  of  E  and  n,  the  number  density  of  electrons  in  the  conduction 
band.  The  product  nN$  that  appears  in  Eq.  (1)  can  also  be  a  significant  source  of 
nonlinearity. 

The  critical  role  that  the  nonlinearities  play  in  this  device  can  be  appreciated  by 
considering  the  electric  field  distributions  E  that  are  induced  by  exposure  to  the  coherent 
and  incoherent  beams  independently.  The  coherent  beams  alone  record  a  uniform  grating*  the 
incoherent  beam  alone  induces  a  field  distribution  that  is  not  an  accurate  reproduction  of 
the  incoherent  intensity  distribution  (more  on  this  later).  If  the  system  were  linear,  the 
combined  exposure  would  simply  induce  the  sum  of  these  two  field  distributions.  However, 
the  nonlinearities  give  rise  to  additional,  intermodulation  terms  in  E  and  these  are 
responsible  for  the  accurate  reproduction  of  the  incoherent  image  upon  reconstruction  of  the 
holographic  grating  that  is  observed  experimentally. 

The  steady  state  behavior  of  the  system  is  analyzed  by  setting  all  the  time  derivatives 
equal  to  zero  in  Eqs.  (1) — (4)  and  choosing  an  incoherent  illumination  of  the  following  formi 


1^ (x,t)  -  li  [1  +  nL  cosOCjX)]. 


in  which  mi  is  the  modulation  depth  and  Ki/2ir  the  spatial  frequency  of  the  incoherent 
grating.  In  this  case  the  solution  for  the  electric  field  E  is  in  the  form 

M  N 

E(X)  "  32  E  Emn  +  »*i>*l.  (8> 
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and  similarly  for  the  other  three  variables,  n,  2*0,  and  j.  Equations  (l)-(4)  can  now  be 
solved  numerically,  using  the  method  of  successive  approximations,  to  obtain  the 
coefficients  of  the  expansion  in  Eq.  (8).  The  calculation  was  performed  for  m_  •  m^  •  1, 
K_/2ir  ■  10  c/mm,  X./2V  -  10  c/msi,  and  material  parameters  that  were  given  by  Peltier  and 
Hlcberon  [9]  for  Bii2SiO20. 


The  coefficients  Eu,  E0,  and  e,q  are  plotted  in  Fig.  3  as  a  function  of  the  ratio 
R  •  The  quantity  E,,  is  the  coefficient  of  the  intermodulation  term  of  interest, 
cos(KjX)  cos(Kcx).  it  is  evident  in  Fig.  3  that  E1X  attains  a  maximum  at  R  ■  1.  It  is 
interesting  to  note  that  in  the  experiments  reported  in  the  previous  section,  the  much 
higher  value  of  R  *  52  was  used.  The  reason  for  this  choice  can  be  appreciated  by  observing 
the  behavior  of  E10.  The  quantity  El0  is  the  coefficient  of  the  cos(Ki  x)  term,  and  upon 
reconstruction  it  results  in  a  uniform  plane  wave  diffracted  in  the  same  general  direction 
as  the  signal  beam  that  is  diffracted  due  to  the  Ei2  grating.  As  a  result  it  acts  as  a 
constant  background  bias  that  reduces  the  contrast  of  the  coherent  image.  As  shown  in  Fig. 
3,  the  ratio  E^i/Bio  increases  (and  hence  the  contrast  improves)  as  R  is  increased.  In  a 
coherent  optical  system,  a  constant  bias  can  be  easily  removed  by  spatial  filtering  and 
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incoherent  images  in  crystals  such  as  Bii2Si02o,  where  an  external  field  is  required  for 
efficient  grating  recording.  A  simple  experiment  was  performed  to  demonstrate  this.  A 
transparency  of  a  nested-squares  pattern  was  used  as  the  incoherent  input  in  the 
experimental  set-up  described  in  the  previous  section.  Coherent  reproductions  of  this 
object  were  obtained  from  the  Eu  and  gratings  and  they  are  shown  in  Pigs.  4a  and  4b, 
respectively.  The  external  field  was  applied  in  the  horizontal  direction  of  Figs.  4.  It  is 
evident  that  information  is  recorded  only  in  the  direction  parallel  to  the  external  field 
with  direct  exposure,  whereas  two  dimensional  recording  is  possible  through  erasure  of  the 
holographic  grating. 


CONCLUSION 

A  novel  recording  method  in  photoref ractive  crystals  has  been  presented.  Our 
preliminary  experimental  and  theoretical  observations  indicate  that  incoherent-to-coherent 
conversion  can  be  implemented  with  this  mechanism.  Further  experimental  and  theoretical 
work  is  needed  to  assess  the  full  capabilities  of  this  device. 
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ABSTRACT 

Volume  holographic  storage  in  photoref ractive  Bil2SiO20  (BSO)  crystals  is  utilized  to 
perform  dynamic  incoherent-to-coherent  image  conversion  by  Mans  of  selective  spatial 
erasure  of  a  uniform  grating  with  white  (or  quasi-monochromatic)  light.  Preliminary  results 
with  binary  and  grey  level  transparencies  are  presented,  and  the  conversion  process  is 
described  in  terms  of  a  simple  model  which  relates  the  diffracted  intensity  to  the 
space-variant  effective  modulation  ratio. 


INTRODUCTION 


Real-time  holography  in  photoref ractive  materials  has  been  utilized  for  many 
applications  in  the  areas  of  optical  processing  (1],  non-destructive  testing  of  vibrating 
structures  (2],  and  image  propagation  through  aberrating  media  [3].  In  addition,  the 
development  of  high  performance  spatial  light  modulators  has  received  much  recent  attention, 
primarily  for  incoherent-to-coherent  conversion  functions  in  optical  information  processing 
and  computing  applications  {4,  5].  We  have  reported  in  a  previous  paper  [6]  the  successful 
application  of  volume  phase  holography  to  the  real-time  conversion  of  an  incoherent  image 
(quasi-monochromatic  or  white  light  illumination)  into  a  coherent  replica.  Several  possible 
configurations  for  the  performance  of  this  image  transduction  in  photoref ractive  materials 
were  discussed  therein.  Such  a  conversion  process  has  been  investigated  independently,  as 
reported  in  reference  [7] . 

In  this  paper,  we  present  a  simple  model  that  describes  the  ineoherent-to-coherent 
conversion  process  in  terms  of  the  space-variant  effective  modulation  ratio.  The  model  is 
shown  to  satisfactorily  ezplain  the  principal  features  of  the  device  sensitometry  behavior. 
The  limiting  resolution  of  the  process  is  discussed,  and  geometric,  systemic,  and 
materials-related  constraints  ace  identified.  Ezperimental  measurements  of  the  device 
temporal  response  characteristics  are  presented. 

The  high  sensitivity  of  photoconductive  and  electrooptic  crystals  such  as  Bismuth 
Silicon  Oxide  (Bi,2SiO.  or  BSO)  in  the  visible  spectrum  has  allowed  the  simultaneous 
recording  and  reading  of  volume  holograms  to  be  achieved  with  time  constants  amenable  to 
real-time  operation.  The  holographic  recording  process  in  photoref rsetive  materials 
involves  photoexcitation,  charge  transport,  and  trapping  mechanisms  (8,  9].  When  two 
coherent  writing  beams  are  allowed  to  Interfere  within  the  volume  of  such  a  crystal,  free 
carriers  sre  nonun if or mly  generated  by  absorption,  and  are  redistributed  by  diffusion  and/or 
drift  under  the  influence  of  an  externally  applied  electric  field.  Subsequent  trapping  of 
these  charges  generates  a  stored  space-charge  field,  which  ir  turn  modulates  the  refractive 
index  through  the  linear  electrooptic  (Pockels)  effect  and  thus  records  a  volume  phase 
hologram,  if  both  coherent  writing  beams  are  plane  waves,  the  induced  hologram  will  consist 
of  a  uniform  grating. 


In  the  Photoref ractive  Xncoherent-to-Coherent  Optical  Conversion  (PICOC)  process,  in 
addition  to  the  holographically-induced  charge  distribution  stored  in  the  crystal,  an 
incoherent  inage  is  focused  in  the  volune  of  the  photoref ractive  material,  and  creates  a 
spatial  nodulation  that  can  be  transferred  onto  a  coherent  beam  by  reconstructing  the 
holographic  grating.  The  spatial  modulation  of  the  coherent  reconstructed  beam  will  then  be 
a  negative  replica  of  the  input  incoherent  image.  The  holographic  grating  can  be  recorded 
before,  during  or  after  the  crystal  is  exposed  to  the  incoherent  image.  Therefore,  a  number 
of  distinct  operating  modes  are  possible.  These  include  the  Grating  Erasure  Mode  (GEM) ,  the 
Grating  Inhibition  Mode  (GIM) ,  and  the  Simultaneous  Erasure/Writing  Mode  (SEWM) ,  among 
others. 

In  the  Grating  Erasure  Mode,  a  uniform  grating  is  first  recorded  by  interfering  the  two 
coherent  writing  beams  in  the  photoref ractive  crystal.  This  grating  is  then  selectively 
erased  by  incoherent  illumination  of  the  crystal  with  an  image-bearing  beam.  The  incoherent 
image  may  be  incident  either  on  the  same  face  of  the  crystal  as  the  writing  beams,  or  on  the 
opposite  face.  When  the  absorption  coefficients  of  the  writing  and  image-bearing  beams  give 
rise  to  significant  depth  nonuniformity  within  the  crystal,  these  two  cases  will  have 
distinct  wavelength-matching  conditions  for  response  optimization. 

In  the  Grating  Inhibition  Mode,  the  crystal  is  pre- illuminated  with  the  incoherent 
image-bearing  beam  prior  to  grating  formation.  This  serves  to  selectively  decay  (enhance) 
the  applied  transverse  electric  field  in  exposed  (unexposed)  regions  of  the  crystal.  After 
this  pre-exposure,  the  coherent  writing  beams  are  then  allowed  to  interfere  within  the 
crystal,  causing  grating  formation  with  spatially  varying  efficiency  due  to  significant 
differences  in  the  local  effective  applied  field. 

In  the  Simultaneous  Erasure/Writing  Mode,  the  incoherent  image  modulation,  the  coherent 
grating  formation  process,  and  the  readout  function  are  performed  simultaneously.  In  one 
possible  implementation  of  this  mode,  the  conventional  degenerate  four-wave  mixing  geometry 
can  be  modified  to  include  simultaneous  exposure  by  an  incoherent  image-bearing 
illumination,  as  shown  schematically  in  Pig.  1.  In  this  configuration,  the  coherent  replica 
of  the  incoherently-exposed  image  appears  in  the  conjugate  diffracted  beam. 

The  PICOC  process  can  thus  be  regarded  as  caused  by  selective  spatial  modulation  of 
a  grating  by  spatial  encoding  of  an  incoherent  erasure  beam.  It  should  be  noted  here  that  a 
related  image  encoding  process  could  be  implemented  in  a  non-holographic  manner  by 
pre-multiplication  of  the  image  with  a  grating  [10]. 


PHOTOREF RACTIVE  INCOHERENT-TO-COHERENT  OPTICAL  CONVERSION 


In  the  remainder  of  this  paper,  we  examine  the  Simultaneous  Erasure/Writing  Mode  in 
more  detail.  As  a  specific  example,  we  will  discuss  the  configuration  in  which  the  cohe 
writing  beams  and  the  incoherent  image-bearing  beam  illuminate  the  same.face  of  a 
photorefractive  crystal,  with  a  transverse  electric  field  applied  along  the  <110>  axis 
shown  in  Fig.  2.  Consider  an  incident  intensity  distribution  of  the  form 
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mG  and  ms  are  the  respective  modulation  ratios.  Due  to  the  nonlinear  dependence 
induced  space-charge  field  on  the  incident  intensity,  such  a  distribution  will  generate 
refractive  index  modulation  which  can  be  written  in  the  form 

&n(x)  -  C^  cos  KgX  ♦  C2  cos  Kgx 

♦  c3  cos  I (Kg  -  Kg) x] 

♦  C4  cos  [(Kg  +  Kg) x] 

♦  Other  Terms. 
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Fig.  1  Experimental  configuration  for  photorefractive 
incoherent-to-coherent  optical  conversion  (P1COC)  in  the 
Simultaneous  Erasure/Writing  Mode  (SEWM)  .  The  writing  beams  Ii 
and  I2 ,  and  the  reading  beam  I3,  are  generated  from  an  argon 
laser  (X  -  514  nm) .  The  phase  conjugate  beam  I4  is  diffracted 
at  the  same  wavelength.  The  transparency  T(x,  y)  is  illuminated 
with  a  xenon  arc  lamp  S  and  imaged  onto  the  Bii2Si02o  crystal 
with  the  optical  system  Lj,  through  a  filter  FIX  -  545  nm)  .  A 
coherent  replica  is  formed  in  the  output  plane  by  utilizing 
beamsplitter  BS  in  conjunction  with  lens  L2  to  image  the  surface 
of  the  crystal  onto  the  output  plane  through  polarizer  F. 


Si12Si020 

crystal 


Fig.  2  PXCOC  transverse  eleetrooptic  configuration  and  recording 
geometry.  The  volume  holographic  grating  with  wavevector  Ks  is  formed 
by  the  cohere*  writing  beams  X1  and  X3,  and  the  incoherent  information 
is  encoded  on  the  beam  X.. 
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Note  in  particular  that  n(x)  contains  the  sum  and  difference  spatial  frequencies  as  well  as 
the  fundamental  harmonics.  The  constants  Ci(i  ■  1  to  4)  represent  the  amplitudes  of  each 
frequency  component.  Thus,  the  far-field  diffraction  pattern  shown  in  Fig.  3  will  comprise 
several  beams,  each  corresponding  to  a  specific  term  in  the  refractive  index  modulation. 
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Fig.  3  Far-field  diffraction  pattern 
resulting  from  the  nonlinear  interaction  of 
two  gratings  in  a  photoref ractive  crystal. 


To  demonstrate  incoherent-to-coherent  conversion  in  the  four-wave  mixing  configuration, 
the  experimental  arrangement  of  Fig.  1  was  utilised  with  a  1.3  mm  thifk  (llO)-cut  BSO 
crystal.  A  transverse  electric  field  (Eg  ■  4  kv/cm)  was  applied  along  the  <110>  axis,  and 
the  carrier  frequency  of  the  holographic  grating  (f  ■  300  line  pairs/mm)  was  chosen  to  lie 
within  the  optimum  range  for  drift-aided  charge  transport  in  BSO  [11] . 

In  this  implementation,  the  two  plane  wave  writing  beams  (labeled  ix  and  i2)  are 
generated  from  an  argon  laser  (Xs«  514  nm)  and  interfere  inside  the  (110) -cut  BSO  crystal  to 
create  a  volume  phase  hologram.  The  readout  beam  Z.,  collinear  with  Ii  to  satisfy  the  Bragg 
condition,  is  diffracted  to  form  the  phase  conjugate  beam  X4  at  the  same  wavelength. 
Increased  diffraction  efficiency  results  when  a  transverse  electric  field  is  applied  to  the 
electrooptic  medium.  An  incoherently  illuminated  transparency  T(s,  y) ,  with  intensity 
Is (x,  y)  (either  quasi-nonochromatic  or  white  light),  is  imaged  in  the  plane  of  the  crystal. 
The  beam-splitter  BS  separates  the  diffracted  signal  from  the  writing  beam,  and  the 
polarising  filter  F  in  the  output  plane  eliminates  the  unwanted  scattered  light  to  enhance 
the  signal-to-noise  ratio  113].  The  vertically  polarised  coherent  writing  beam  and  signal 
intensities  were  I,  ,  ■  0.4  mw/ern  and  2.  ■  •  mN/cm2 ,  respectively.  The  incoherent 
illumination  was  pr&vided  by  a  xenon  etc  leap  through  a  broadband  filter  centered  at 
1,  -  545  na  (FWHM  •  100  nm) . 

The  converted  images  obtained  from  two  binary  transparencies  (a  spoke  target  and  a  USAF 
resolution  target),  and  from  a  black  and  white  slide  with  grey  levels  are  shown  in  Figs.  4 
and  5,  respectively.  The  original  transparency  and  its  converted  image  have  reversed 
contrast.  An  approximate  resolution  of  15  line  pairs/mm  (as  derived  from  the  resolution 
target  image)  was  achieved  without  optimising  factors  such  as  the  optical  properties  and 
quality  of  the  crystal,  the  depth  of  focus  in  the  bulk  of  the  medium,  the  carrier  frequency 
of  the  grating,  the  relative  intensities  and  wavelengths  of  the  various  beams,  or  the  Bragg 
diffraction  condition  (discussed  below).  This  spatial  bandwidth  is  comparable  to  that 
obtained  with  a  PROM  (131  or  a  liquid  crystal  light  valve  [14]. 

A  number  of  distinct  factors  influence  the  ultimate  resolution  achievable  with  the 
PXCOC  spatial  light  modulator.  These  factors  can  be  classified  as  geometric,  systemic,  and 
materials-related  in  nature,  lach  of  these  resolution  limitations  are  described  in  detail 
below. 
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Pig.  4  Photorefractive  incoherent-to- 
coherent  optical  convaraion  of  two  binary 
transparencies*  (a)  spoke  target,  and  (b) 
08 AF  resolution  target. 


Pig.  5  Photorefractive  incoherent-to- 
cobarant  optical  conversion  of  a  grey-level 
transparency. 


Geometric  resolution  liaitationa  derive  principally  from  the  incorporation  of  an 
incoberent  iaaging  aystea  in  the  four-wave  aising  geoaetry,  and  froa  the  finite  crystal 
thickness  required  to  create  a  voluae  holographic  grating.  These  effects  are  illustrated  in 
Pigs.  0  and  7.  figure  €  describes  the  case  for  which  asd<l,  such  that  the  induced 
holographic  grating  has  finite  aaplitude  throughout  the  voluae  of  the  crystal.  As  can  be 
seen  from  the  Figure,  the  optiaua  focal  point  occurs  in  the  voluae  of  the  crystal  (in  the 
center  whenesd«l),  and  is  not  localised  on  the  front  surface  of  the  crystal.  The 

resolution  will  then  be  proportional  to  (W/2)1 ,  which  is  in  turn  equal  to4nP*/d.  In  this 
expression,  n  is  the  refractive  index  of  the  electrooptic  crystal,  F#  is  the  P-nuaber  of  the 
input  incoherent  iaaging  systea  (assuaed  1*1),  and  d  is  the  crystal  thickness.  For  example, 
for  n  -  2.5,  d  -  lam,  and  an  P-nuaber  of  5,  the  resolution  limit  is  approximately  50  line 
pairs/aa.  Figure  7  describes  the  case  for  which  a.d»l,  sueh  that  the  Induced  .^olographic 
grating  has  significant  aaplitude  only  within  a  thin  layer  of  thickness  ^({  •  a 
case,  the  resolution  will  be  given  by  4n  P#»g.  for. *  *■*  *»  " 
an  P-nuaber  of  5,  the  resolution  liait  is  approsiaately  500  line  pairs/M. 

Several  systemic  resolution  constraints  derive  froa  the  utilisation  of  a  voluae 
holograa  in  the  iaage  conversion  process.  One  sueh  constraint  is  that  the  coherent  grating 
spatial  fxtqutncy  auit  bt  significantly  larger  than  the  signal  (ineehsrsnt  isagt)  bandwidth 
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in  order  to  effect  eeperetion  of  the  0th  and  1**  order  diffracted  beam  components.  Zn 
addition,  the  range  of  spatial  frequencies  distributed  about  the  coherent  grating  spatial 
frequency  should  be  in  an  optimum  region  of  the  modulation  transfer  characteristic  of  the 
device. 
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EXAMPLE:  FOR  n*2.5.  dOmm,  F#*5, 

R*  50  hne  poirs/mm 


PHOTOREFRACTIVE  INCOHERENT -TO-COHERENT 
OPTICAL  CONVERTER: 

GEOMETRIC  CONSTRAINTS 


CASE  I :  ed  >>  1  R~  *  4nF#0 

EXAMPLE:  FOR  n*2.5,  d*1mm,  F#*5,  e*  100cm*’ 
R  *  500  line  pairs/mm 


Fig.  6  Geometric  constraints  imposed  on 
PICOC  resolution  by  the  finite  F-number  of 
the  input  optics,  for  the  case 'ad  <  1. 


Fig.  7  Geometric  constraints  imposed  on 
PICOC  resolution  by  the  finite  F-number  of 
the  input  optics,  for  the  case  ad  >>  1. 


A  third  fundamental  systemic  constraint  on  the  PICOC  device  resolution  derives  from 
Bragg  detuning  effects  associated  directly  with  the  use  of  a  volume  hologram.  This  effect 
is  strikingly  illustrated  in  Figure  8,  which  is  comprised  of  converted  images  of  a  5  line 
pair/mm  Ronchi  ruling  and  their  related  coherent  Fourier  transforms,  for  two  orthogonal 
orientations  of  the  incoherent  grating  wavevector  relative  to  the  coherent  grating 
wavevector.  As  can  be  seen  from  the  Figure,  a  significant  difference  in  resolution  exists 
between  cases  in  which  the  wavevector  of  the  ruling  (incoherent  grating)  is  parallel  or 
perpendicular  to  the  coherently-written  (holographic)  grating.  This  difference  derives 
i  '  principally  from  a  wavevector  matching  condition,  as  shown  in  Figs.  9  and  10.  In  Fig.  9,  the 

incoherent  grating  wavevector  is  parallel  to  the  coherent  grating  wavevector,  a  condition 
achieved  by  symmetrically  disposing  the  incident  coherent  beams  about  the  normal  to  the 
crystal,  while  simultaneously  arranging  the  incoherent  imaging  system  such  that  its  optical 
axis  is  parallel  to  the  crystal  normal.  In  this  case,  significant  Bragg  detuning  occurs  for 
even  small  incoherent  grating  wavevectors  (resulting  in  angular  deviations  of  the  diffracted 
beam).  In  Fig.  10,  the  incoherent  grating  wavevector  is  arranged  to  lie  tangent  to  the 
circle  defined  by  the  incident  coherent  grating  wavevectors,  such  that  a  significantly 
increased  angular  deviation  of  the  diffracted  beam  is  allowed  before  significant  Bragg 
detuning  effects  occur.  Such  a  wavevector  tangency  condition  is  automatically  satisfied 
when  the  incoherent  grating  wavevector  is  normal  to  the  coherent  grating  wavevector  (as  it 
is  in  the  orientation  normal  to  the  plane  of  incidence).  For  the  arrangement  described  in 
Fig.  10,  wavevector  tangency  is  assured  for  both  orientations,  so  that  the  horisontal  and 
vertical  resolutions  become  degenerate  for  this  case.  An  equivalent  condition  ia  described- 
in  Ref.  [7]  for  the  case  of  distinct  reading  and  writing  beam  wavelengths. 

A  fourth  related  systemic  constraint  involves  the  tradeoff  between  saturation 

diffraction  efficiency  and  achievable  resolution  due  to  grating  thickness.  Within  limits, 
increases  in  grating  thickness  increase  the  diffraction  efficiency,  but  at  the  same  time 
increase  the  Bragg  detuninr  per  unit  angle.  This  condition  creates  a  familiar 

resolution/sensitivity  tradeoff  situation  in  which  one  can  be  optimised  at  the  expense  of 

the  other. 
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Additional  resolution  limitations  derive  from  material  parameter  constraints  that 
influence  the  physics  of  grating  formation.  This  limitation  is  essentially  described  by  the 
behavior  of  the  diffraction  efficiency  as  a  function  of  the  spatial  frequency  with  the 
applied  transverse  electric  field  as  a  parameter  [11] .  The  amplitude  modulation  transfer 
function  of  the  grating  itself  depends  on  the  spatial  frequency  dependence  of  the  maximum 
space-charge  field,  which  in  turn  depends  on  carrier  mobilities  and  lifetimes,  the  applied 
field,  the  nature  and  distribution  of  traps  in  the  crystal,  and  the  trap  occupancy  (Fermi) 
level. 


Optimization  of  the  PICOC  device  resolution  necessarily  involves  simultaneous 
satisfaction  of  all  three  types  of  constraints,  and  must  be  undertaken  also  in  compromise 
with  factors  that  directly  affect  the  device  sensitivity.  Zn  succeeding  paragraphs,  we 
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Fig.  8  Coherent  replica  images  and 
corresponding  Fourier  transforms  of  a  5 
line  pair  per  mm  Ronchi  ruling  after 
photorefractive  incoherent-to-coherent 
conversion. 
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present  a  model  that  allows  the  device  sensitivity  to  be  understood  end  optimized.  Zt 
should  be  noted  here  that  amplification  via  energy  transfer  has  been  observed  in  the 
four-wave  mixing  configuration  in  BaTi03  [IS],  and  in  the  two-wave  mixing  configuration  in  a 
BSO  crystal  (18,  17].  By  utilising  this  effect  in  the  FZCOC  geometry  described  in  this 
paper,  incoherent-to-coherent  conversion  could  be  performed  with  improved  energy  sensitivity 
without  sacrifice  of  resolution. 

The  following  simple  model  describes  the  encoding  of  the  incoherent  information  onto 
the  coherent  diffracted  beam,  by  taking  into  account  only  the  effective  modulation  ratio  of 
the  exposure  in  the  bulk  of  the  photorefractive  material.  The  different  intensities 
incident  on  the  crystal  are  as  shown  in  rig.  2.  The  intensity  pattern  resulting  from 
simultaneous  illumination  with  the  coherent  writing  beams  and  the  incoherent  image-bearing 
beam  is  given  by  Bqn.  (1) ,  which  describes  the  ease  of  a  one-dimensional  incoherent 
sinusoidal  grating  with  a  fundamental  component  at  wavevector  Kg*  The  space-charge  field 
B.e  is  related  to  the  current  density  J(x,  t)  and  the  free-earrier  concentration  n(x,  t) 
through  the  following  system  of  equations  (18] s 
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Fig.  9  Havevector  diagram  of  the  photorefractive  incoherent-to- 
coherent  conversion  process,  for  the  case  of  collinear  signal  (Ks) 
end  grating  (XG)  wavevectors.  Readout  with  a  beam  incident  at 
wavevector  k3  results  in  diffracted  beams  at  and  *4.,  with 
corresponding  Bragg  mismatches  £X+  and  £X. . 


Current  density  equation 


J(x,t)  -  eO  an-a(^t}  «•  eun(x, t)  [Egc(x,t)  «•  E0) 


Continuity  equation 
>n(x,t) 


n(x,t)  -  n,  l  93 (x,t) 


Maxwell's  equation  (integral  form) 


.<x,t)  *  -  J  3(x,t) 

J E#c(x,t)dx  ■  0 


dt  ♦  C(t) 


in  which  g(x)  is  the  generation  rate,  nd  is  the  frae-carrier  concentration  in  the  dark, 
Cn  is  the  applied  transverse  field,  and  G(t)  is  a  boundary  condition-dependent  constant  of 
Integration,  if  me  assumes  that  the  quantum  efficiency  C,  which  is  the  probability  of 
creating  a  free  electron  by  an  absorbed  photon  of  energy  flu,  is  not  wavelength-dependent  in 
the  range  of  interest,  the  intensity  distribution  XT(x)  gives  rise  to  the  free-carrier 
generation  rate 

e.C  B-l 

g(x)  -  +  cos  X6*)  exp(-agd)  ♦  lg(l  ♦  mg  cos  Xgx)  exp(-ogd)  (7) 
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Fig.  10  Wavevector  diagram  of  the  photorefractive  incoherent- to- 
coherent  optical  conversion  process,  for  the  case  wherein  the  signal 
wavevector  is  tangent  to  the  equiphase  circle.  Readout  with  a  beam 
incident  at  wavevector  kj  results  in  diffracted  beams  at  tea*  and  h*., 
with  significantly  reduced  Bragg  mismatches  and  &x. . 


in  which  d  is  the  crystal  thickness,  and  the  intensity  absorption  coefficients  are  a.  at 
is  and  aG  at  XG.  Since  free-carrier  redistribution  will  occur  both  by  drift  and  diffusion, 
the  resultant  space-charge  field  will  depend  on  both  the  carrier  concentration  n(x)  and  its 
spatial  gradient  3n/3x.  Solution  of  this  system  of  equations  is  extremely  complicated  in 
general,  and  must  be  accomplished  in  the  context  of  boundary  conditions  applicable  to  a 
given  experimental  situation.  Zn  the  development  that  follows,  several  simplifying 
assumptions  are  made  that  are  appropriate  for  the  8EWM  configuration  in  the  steady  state, 
and  in  the  large  transverse  applied  field  limit  (to  enhance  the  saturation  diffraction 
efficiency) . 

In  the  saturation  regime  (steady  state),  the  current  density  is  constant  and  the 
carrier  concentration  is  given  by 


n(x)  ■  nd  ♦  tg (x) 


(8) 


in  which  the  free-carrier  lifetime  r  is  assumed  to  be  the  same  for  the  writing  and  the 
erasure  beams,  and  unaffected  by  the  presence  or  absence  of  illumination.  Zn  the  strong 
drift  regime  for  which  the  applied  field  is  much  larger  than  the  diffusion  field 
(Bo  >>  *d >  *D  ■  XkBT/e) ,  solution  of  the  system  of  Eqns.  (3-8)  subject  to  the  additional 
constraints  expressed  in  Bqns.  (7)  and  (•)  yields  the  following  expression  for  the 
space-charge  field 
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Assuming  further  that  the  effective  fringe  modulation  ratios  (mSff,  m|,f)  are  small 
Eds  <<  ®dg  (<  Eq»  the  space-charge  field  amplitudes  at  each  harmonic  component  of 
are  given  by: 


and  that 
interest 
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The  refractive  index  modulation  induced  along  a  principal  axis  fay  the  electrooptic  effect  is 
then  given  by 


£n(x)  ■  -y  nQ  r41  E>c<x) 


-  T  no  r4i  mcff  Eo  Icos  V  “  nsf£  co,(kg  +  V*  ’  *sff  COs(KG  "  KS,X] 


or,  by  combining  terms. 


tn(.x)  ■  - 


1  eff  _ 
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cos  X.x]eos  K_x. 


For  small  diffraction  efficiencies  and  low  spatial  frequencies  Kc,  the  diffracted  intensity 


pattern  in  the  first  order  of  the  carrier  grating  can  be  expressed  by  the  relation 


>4<«>  *  h 


4»|ff  cos  Kgx) 


in  the  Kogelnik  formulation  (19] .  This  expression  demonstrates  that  the  information 
contained  in  the  Incoherent  incident  intensity  distribution  xs(s)  (see  Eqn.  (1))  is 
transferred  onto  the  coherent  diffracted  beam,  performing  an  incoherent-to-coherent 
conversion  in  which  the  original  contrast  is  reversed. 


For  the  case  of  unifora  erasure  (Ks  •  0) »  the  diffracted  beans  Zij  and  Z10  *re 
degenerate  (see  Fig.  3) .  For  the  case  of  aodulated  erasure  (Kg  F  0) ,  this  degeneracy  is 
broken  and  separate  beans  are  observed.  The  diffraction  efficiencies  in  these  two  cases  are 
given  by: 

n (Iio)  "  lmgf£<R>l2  Eo  Cl«) 


n(Zu) 


[m*££(R)n|££(R)]2  eJ 


where  R  is  the  ratio  of  the  incoherent  to  the  coherent  bean  intensities  (R  ■  ls/IG). 
Figures  11  and  12  illustrate  the  noraalized  diffraction  efficiency  of  the  lip  bean  for  three 
typical  erasure  wavelengths  (Xe).  The  paraneter  Kg  is  the  ratio  of  the  erasure  bean  to  the 
writing  bean  intensity  absorption  coefficients  (Ac  ■  as/aG) .  zt  is  interesting  to  note  that 
the  naxinun  energy  sensitivity  does  not  generally  occur  for  wavelength-watching  (Xc  ■  Xe). 
Zn  fact,  two  liniting  situations  can  be  recognised.  For  a  thin  crystal  (Fig.  li) ,  the 
optinun  sensitivity  is  obtained  with  a  strongly  absorbed  erasure  bean  because  the  generation 
rate  increases  with  the  ratio  As,  while  the  attenuation  factor  (exp(aG  -  ag)d]  has  alnost  no 
effect  on  the  effective  nodulation  n* f f .  Conversely,  for  a  thick  crystal  (Fig.  12),  the 
exponential  tern  doninates  and  the  optinun  sensitivity  is  achieved  when  the  incoherent 
source  has  the  sane  wavelength  as  the  laser  with  which  the  carrier  grating  is  recorded. 
This  is  intuitively  appealing  since  the  phase  grating  is  aost  affectively  erased  throughout 
the  volune  of  the  crystal  for  the  case  of  wavelength  matching. 
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Fig.  11  Somali  zed  diffraction  efficiency 
of  the  Zip  bean  (Onifora  Erasure)  as  a 
function  of  the  intensity  ratio  (R)  for  a 
0.13  ca  thick  crystal.  Three  signal  bean 
(S)  wavelengths  (Xt)  with  corresponding 


absorption  coefficients 


are  used  to 


erase  the  coherent  grating  written  at 
wavelength  X6. 


Fig.  12  Roraalised  diffraction  efficiency 
of  the  Zip  bean  (Onifora  Erasure)  as  a 
function  of  the  Intensity  ratio  (R)  for  a 
1.0  ca  thick  crystal.  Three  signal  bean 
(S)  wavelengths  (Xg)  with  corresponding 
absorption  coefficients  (As)  are  used  to 
erase  the  coherent  grating  written  at 
wavelength  xG. 


The  normalized  diffraction  efficiency  for  the  beam  Xu  in  the  ease  of  modulated  erasure 
is  shown  in  Fig.  13.  As  predicted  by  Eqn.  (19) ,  a  maximum  exists  for  R»ff  •  1  where: 

*eff  “  *  SHT  *xP(ac  -  xS)d  (20) 


The  existence  of  such  a  maximum  is  explained  by  the  following.  Xt  is  clear  that  when 
R«ff  •  0.  there  is  no  diffraction  in  the  Indirection.  Xn  addition,  when  R#ff  is  large,  the 
uniform  component  of  the  incoherent  exposure  almost  completely  erases  the  carrier  grating 
and  the  diffracted  intensity  vanishes.  Furthermore,  a  small  intensity  ratio  (R#ff  ^  1) 
generates  the  maximum  signal  (I,,),  but  the  uniform  erasure  (X10)  is  weak  and  as  a  result 
the  overall  contrast  is  low.  Conversely,  s  large  ratio  (R«#  f»l) ,  decreases  the  modulation 
m|f f ,  but  at  the  same  time  diffraction  in  the  beam  I10  is  minimized  so  that  the  overall 
contrast  is  enhanced  at  the  expense  of  sensitivity.  Xn  Figs.  4  and  5,  R  was  set  equal  to  10 
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Fig.  13  normalized  diffraction  efficiency 
of  the  Ii i  beam  (Modulated  Erasure)  ss  a 
function  of  the  intensity  ratio  (R)  for  a 
0.13  cm-thick  crystal.  Three  signal  beam 
(S)  wavelengths  (Xs)  with  corresponding 
absorption  coefficients  (As)  are  used  to 
erase  the  coherent  grating  written  at 
wavelength  XG. 


in  order  to  maximise  the  contrast  in  the  negstive  imaging  mode.  Bowever,  a  number  of 
specialised  readout  techniques  (e.g.  Schlieren,  phase  contrsst)  could  be  employed  to 
simultaneously  optimise  the  signal  intensity  snd  the  contrsst  rstio. 

To  verify  the  essential  predictions  of  this  simple  model  described  above,  the 
experimental  arrangement  shown  in  Fig.  14  has  been  utilised.  The  carrier  grating  is 
recorded  in  the  BSO  crystal  at  XG  ■  314  nm  and  read  out  with  a  He-Ne  laser  at  Xn  ■  633  nm 
incident  at  the  Bragg  angle.  The  incoherent  grating  is  formed  with  a  Michel son 
interferometer  (M«,  Hj )  using  the  blue  line  of  the  argon  laser  (X.  •  488  nm) .  The  far-field 
diffraction  pattern  is  located  in  the  Fourier  plane  of  the  lens  L.  The  results  of 
theoretical  calculations  and  experimental  measurements  of  the  normalised  diffraction 
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PICOC:  Experimental  Set-up  for  Sensitometrv  ond  Tronsfer 
Function  Meosurements 


Fig.  14  Experimental  arrangement  for  sensitivity  and  transfer  function 
measurements,  as  described  in  detail  in  the  text. 


efficiency  as  a  function  of  the  intensity  ratio  It  are  presented  in  rig.  15  for  the  case  of 
uniform  (Ila)  erasure,  and  in  Fig.  16  for  the  case  of  nodulated  (Z11)  erasure.  The  general 
behavior  of  these  curves  is  in  agreement  with  the  model.  The  discrepancy  in  the  amplitude 
between  the  theoretical  prediction  and  the  experimental  measurement  likely  derives  from  a 
large  difference  in  grating  modulation  ratio  between  the  two  treatments.  Experimentally,  a 
large  modulation  ratio  (nG  ^  1)  was  employed  in  order  to  increase  the  diffracted  intensity 
for  the  purpose  of  signal- to-noise  ratio  enhancement.  In  the  theoretical  development, 
however,  the  assumption  of  small  modulation  ratios  (mc«l)  was  necessary  to  achieve  analytic 
solution  of  the  nonlinear  coupled  equations.  An  increase  in  the  modulation  ratio  results  in 
increased  space  charge  field  gradients  that  in  turn  enhance  erasure  sensitivity,  as 
indicated  by  the  experimental  results  shown  in  Fig.  15.  This  heightened  sensitivity  is 
strongly  diminished  at  larger  intensity  ratios  due  to  the  reduced  effective  modulation  ratio 
that  results  from  uniform  grating  erasure.  This  explanation  of  the  uniform  erasure  case 
also  aids  in  understanding  the  behavior  shown  in  Fig.  16  for  the  modulated  case  (In).  At 
the  larger  (experimental)  modulation  ratio,  the  uniform  component  of  the  incoherent  erasure 
beam  is  more  effective  in  diminishing  the  carrier  grating  (represented  by  Iio  “  see  Fig.  15) 
than  the  (low  modulation  ratio)  theory  predicts,  resulting  in  a  decrease  in  sensitivity  of 
In  low  values  of  8.  On  the  other  hand,  for  values  of  R  much  greater  than  1,  the  carrier 
grating  is  erased  more  slowly  than  in  the  theoretical  prediction.  This  results  in  a  more 
gradual  decline  in  the  In  diffraction  efficiency  with  increasing  R  than  would  occur  at 
lower  modulation  ratios  (see  Fig.  16) . 

The  general  temporal  response  behavior  of  the  In  (information-bearing)  diffracted  beam 
is  shown  in  Fig.  17  for  the  two  cases  R  ■  1.5  and  R  ■  5.0.  In  this  experiment,  the  coherent 
grating  is  established  and  in  the  saturation  regime  at  time  t  ■  0,  at  which  point  the 
incoherent  erasure  beam  is  allowed  to  expose  the  crystal.  For  a  small  ratio 
R  (If  •  0.6  mw/crn3  in  Fig.  17) ,  the  diffraction  efficiency  increases  steadily  with  time 
until  it  reaches  a  maximum.  However,  for  a  strong  incoherent  beam  (if  -  2  mw/car  in  Fig. 
17),  a  transient  effect  appears,  initially,  the  beam  lip  is  quite  intense  and  diffracts 
from  the  composite  grating  at  xG  ♦  Rf  to  generate  a  rapid  rise  in  the  amplitude  of  In,  but 
the  uniform  part  of  the  incoherent  illumination  simultaneously  erases  the  coherent  carrier 
grating  and  hence  the  diffraction  efficiency  decreases  to  a  small  steady-state  value.  The 
time  constant  for  this  particular  set  of  experimental  parameters  is  in  the  range  0.5-1. 5 
sec.,  although  the  device  response  time  can  be  decreased  by  increasing  the  intensity  of  the 
carrier  grating  writing  beams.  In  addition,  the  response  time  is  strongly  dependent  on  a 
number  of  Intrinsic  and  extrinsic  materials  parameters.  The  full  range  of  variation 
possible  for  the  temporal  behavior  characteristic  is  not  firmly  established  at  this  point. 
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Fig.  15  Normalized  experimental 
diffraction  efficiency  of  the  Ix0  beam 
(Uniform  Erasure)  as  a  function  of  the 
intensity  ratio  (R) .  The  corresponding 
theoretical  prediction  is  also  shown  for 
comparison. 
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Fig.  16  Normalized  experimental 
diffraction  efficiency  of  the  ZX1  beam 
(Modulated  Erasure)  as  a  function  of  the 
intensity  ratio  (R).  The  corresponding 
theoretical  prediction  is  also  shown  for 
comparison. 
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Fig.  17  Measured  diffraction  efficiency  of 
the  Zn  beam  (Nodulated  Erasure)  as  a 
function  of  response  tiae  for  two  values  of 
the  signal  intensity. 
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Xn  conclusion,  we  have  demonstrated  the  feasibility  of  real-tisie  incoherent-to-coherent 
conversion  utilizing  phase  conjugation  in  photoref ractive  BSO  crystals.  The  physical  basis 
of  this  effect  is  explained  with  a  simple  model  which  takes  into  account  the  influence  of 
the  effective  modulation  ratio  on  the  diffraction  efficiency  of  the  different  diffracted 
beams.  Although  the  results  are  preliminary,  the  device  which  is  proposed  in  this  paper  has 
potential  for  incoherent-to-coherent  conversion  with  high  resolution,  which  can  be  realized 
by  optimizing  the  wavevector  matching  condition  and  the  relative  intensities  and  wavelengths 
of  the  various  beams.  In  addition,  the  PXCOC  device  is  quite  attractive  from  considerations 
of  low  cost,  ease  of  fabrication,  and  broad  availability.  With  such  a  device,  numerous 
optical  processing  functions  can  be  directly  implemented  that  utilise  the  flexibility 
afforded  by  the  simultaneous  availability  of  incoherent-to-coherent  conversion  and  volume 
holographic  storage. 
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